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ABSTRACT OF THE DISSERTATION

Nearshore Send Trensport
by
Thomes Ellis White

Doctor of Philosophy in Oceanography
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Professor Dougles L. Inman, Chairman

Sand transport in the nearshore occurs under
oseiliotorQ-:;QQ. and steady currents, on rippled or flat
beds, and as bedloed or suspended load. Sand transport as

(‘“5,45 bedload on nearly flat beda in shallow waeter ocutaide the
breakers is the subject of this study.
The appropriate varisbles necessary for computation
of sediment transport ere grouped into a few dimensionless
' force ratios using the techniques of dimensional eanalysis,

forming a sediment transport model. Other investigators

)

7/

have propoaed various badload modela rafl a2t ing fluid
velocity and other parameters to trensport. Seventeen
different bedload modela are clasaified, described, reduced
to the same set of notation, compared, and tested againat
measured tranasport.

_~Field experisments measuring fluid velocity and sand
tranaport were performed seaward of the breaker region.

—
F Fluoreacent asand tracer was used to measure both —

—
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ﬁ}l.dinont tr.nnport vclocity nnd thickn.-u:/>Techn1qucn for

P I

Kff« dyotng.(jajocting. and coring sand were developed and

TItlr)“‘ —_—
teated. A total of Sa‘tt.cor experinents were performed

under differing wave and sediment conditions.

Redundant insatruments are used to estimate
aeasurement arrora in fluid velocity momenta and sand
transport. Recovery rates and size distributions of tracer
ware used to judge experiment quality and were comparable
to previous studies in the aurf zone.
diameter but not wave height or fluid velocity. Different
powera of the fluid velocity are compared with sediment

transport. The lower velocity moments perform much better

than the higher nonont-;) Even more important than which

lower-order moment is 3 ed to predict sediment transport is
the accurate nocquci;nt of fluid velocity, particularly
the mean £lou.<;Us. of a threshold criterion ia essential
in predicting whether the sand tranaport is onshore or
offshore. Results suggest that the appropriate power of
fluid velocity necessary for computing sand transport may
itself be a function of the flow intensity. “~
Determining functional dependance cf tranaport on
quantitiea other than fluid velocity (sand aize, sand
density, tranaverse fluid velocity, peak wavae period)

raquires & larger range of conditions than were present in

these experiments.
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1. INTRODUCTION
It has long been known that waves and currents move
sand on beaches. Even the casual observer sees sand motion
b on many different time and spatial scales. Sand is moved
back and forth with each wave. Berma and bars fora and
disappear. On many beachas, including the California
* beaches in this study, sand moves offshore in the winter
and returna to form a subaerial berm in the summer.
Geologists have attempted to describe these different
P morphological forms of aand accumulation but have been v
thwarted by the complex mixture of motions on so many
“ acalea.
Daveloprent of sediment-transport relations begen
by suggeating that longshore transport is proportional to
ﬁ the longahore component of wave energy (Scripps Institution
of Oceanography, 1947). The U. S. Army Corps of Engineers
(Baach Erocaion Board, 1950) has uaed such e formulstion,
% changing only the numerical coefficient in the model over
i the yearas. Many studies (Wﬁtt-. 1953; Inman et al, 1968;
Komar and Inman, 1970; Inman et al, 1980; Dean et al, 1982; ;-
Kraua et al, 1982; White and Inman, 1987b) have been
performaed to test the now well-known relation of wave
properties and totsal longshore trenaport: f
I = KE Cn 8in e« coa « 1.1)
: where the wave parameaters are anergy E, group velocity Cn,

and angle of wave approach at the breakpoint ec.
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The transport, I, in Equation (1.1) is an average

quantity in both time and apace. Although thias relstion
yialda the correct tranaport on average, it is now known
that when it ia applied to apecific beachaa under apecific
wave conditiona it must be modified. The coefficient of
proportionality K is not a constant, but depends on
variables such aas besach steepness and wave period (White
and Inman, 1987bh).

Becauae relestion (1.1) averages over many of the
temporal and aspatial scales of interest, emphasis muat be
placed on understanding the underlying physics if the
mechanics is to be understood. Specifically, the fluid
forcing and resultent sediment transport sauat be measured
on amall temporal and aspatial scelea that can then be
integrated to obtain larger-scale phenomena. One approach
ia to measure propertiesa on aceles smaller than tha ascales
on which the wave and sediment properties vary
substantially. That is the method used in this study:
Ressure waves, currents, and send motion in naturel field
conditiona on sufficiently amall sceles that beaaic phyasical

trenaport reletions may be teasted.

Send may fora different morphological shapes in

reaponse to different energy levels and typea of forcing.

1.1 Transport regimes .

Only progreasive oacillatory waves will be conaidered here. g
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The nondimensional forcing is given by the ratio of fluid
stress to the force of gravity acting on individual sand

grains, the Shields’ number (Shields, 1936):

0= _Gf pu? (1.2)
(pg-p) g D

Thia paresmeter was originslly developed for steady
flow, but has been used to describe conditions in
ocacillastory flow aa weall (Dingler and Inmen, 1976). They
used the wave orbital velocity amplitude up. However,
since we measured the instantanecus velocity u(t), we use fﬁ
with the instentanecua u(t) throughout this study. As the
£low becomasa more energetic, the Shieldsa’ number for the
flow increeses, and the beadfors type changes. In the
nearshore Shields’ number incresses as depth decreases,
both becausa wave height increeses and there is less
attentuation between the surfece and the sesa bed. The
changes in energy level and transport reagime as waves
approach the ahoreline are illuatreted in Figure (1-1).

_] Far offshore the bed ia either flat or has remnant ripples

‘ from prior storms. As the Shiel)d’a number increases past
soma threshold value, the sand grains form vortex ripples,
typically with wavelengthe of tenas of centimeters. The
wavelengths and heights of the ripples are variable and a
function of both fluid velocitiea and grain aize (Inmen,
19357). As the waves shoal, bottom velocitiea incresase, and L
transition ripples ere formed (Figure 1-2). As the waves 0

shoal further, the ripples are entirely destroyed. Sand 0,
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Figure 1-1. Transport regimes in the nearshore (from

Inman, 1979). Experiments were performed at the boundary

between transition flow and sheet flow.
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Figure 1-2. Photograph of bed with transition ripples
(from Inman et al, 1986). This type of topography was

sometimes present during the experiments when the bed was

not in motion.
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then moves in what appsar to be corrugated layers of
densely packed granular-fluid. This type of transport has
been referred to as '"sheet flow" or 'carpet flow."
Large-acale bedforma with wavelengtha of meters, such as
dunes, anti-dunes, and bars, have alsc been obsaerved under
certain special conditions, but they were not observed
during any of the experiments in this study. Their
generation and behavior under cacillatory flow is poorly
understood.

The experiments performed in this study were in the
carpet flow regime. When the sediment was in motion
(typically under long period awell) the sand bed moved as
relatively flat carpet flow. However, once the wave crest
passed and the sand settled back to the bed, the grains
would typically reform into transition ripples. These
experimenta wvere performed outside the breskers wvhere the
sand moved as carpet flow and formed transition ripples at
reat (Figure 1-1). Notice that the offshore location of
this transport regime depends on the energy leavel of the
wavea.

Since the experimenta took place in the carpet-flow
ragine, the quantitative description of thia regime is
important. Inman et al (1986) describe three different
boundaries between typas of flow: between no motion and

the initial mobilization of sand graina (hereafter referred

to aa ''threshold"), at the initiation of carpet flow, and
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at the initiation of a very intense motion of the bed in
flat sheets. The only one of these boundaries which wve
will use in computations is threshold. In this study we
apply velocities in bedload models for all points in the
time series during which sand is in motion (above
threshold). Several investigators have formulated

B equationa for the threshold Shields’ nuaber. We coaputed

| values from two different relations. The threshold

‘ velocities computed from the two methods differed by an

: average of 16%, but the predicted bedload trensport
differed by leas than 1Xx once applied to variocus bedload

& equationa (Section S.1). Besed on a trenaition-ripple

& study performed et the same beach as ocur experimentas,

- Dingler and Inmen (1976) expressed the threshold Shields’

nhnb.r necessary for initiation of trenaport as:

0 8 = 0.06%5 S0.6 RO.2 1.3)
where S = do/D is the Strouhal number and R = <ud>D/v is the

1 grain Reynold’s nuaber, and the coefficient 0,069 is

e between the values for the data sets of Bagnold (1946) and

Dingler and Inman (1976). Seymour (19835) combined K

threshold Shields’ numbers from three physically quite :

different relations and produced smooth curves joining the

different relationa. His curvea were the second method

used to compute threshold Shields’ numbers for these

experiments.
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Henceforth it will be assumed that carpet flow is
the type of tresnsport messured in this study, aince that ia
the transport regime observed during the times when the

aand wes in motion.

i.2 Transport kinematics

Thil atudy describes the modes of sediment
tranasport from a dynamical approach, examining the
relationahips between the fluid forcea and the resulting
sand motion. Forces are averaged over many grain diameters
and many wave cyclea. Neverthelesa, an understanding of
the kinematics of transport, the details of the motion, is
useful when examining the assumptions in the theoretical
modela and experimental methoda to be described.
Unfortunately, the detaila of the kinematics of caerpet flow
are not well known. Some kinematics inferred from visual
observation of the flow are described below. However,
complete description of the kinematics requires
maaaurenanta of fluid and -?din.nt flow within the boundary
layer. For the preliminary resulta froa such an
investigation, the resder is referred to Inman at al
(1986). The measuremant of macroacopic flow paremetera and
taat of macroacopic trensport sodels in thias disaertetion
do not require knowledge of the kinematic details.

The following is a description of the kinematics

obtained from visual observations, which were part of thia



study, and also sppear in Inman et al (1986) in more
detail. When waves of sufficiently long period and of
sufficient energy occur over either a flat bed or the
transition ripples of Figure (1-2), greains first begin to
move at the onset criterion (Equation 1.3) followed by
intenae mobilizetion at apota apaced a few centisetara
apart. The entire bad forma these cylinders of swirling
sand and vater of a few centimeters in height. The
mobilizeation of the aand bed proceeds froa these
cylindricel apots to the entire bed after only a frection
of a second. The completaly mobilized bed then appears to
have a very uneven surfece, which might be described as
“tufta' and resembling a carpet. Thia type of flow is
illustrated in the right-hand side of Figure (1-3). The
mobilized sand is confined to within a few centimeters of
the original at-rest bed level. If sufficient energy ia
present during acceleration, the bed may proceed during
decelaration to what has baen termed “"bursating® in which
the sand bursts above the carpet-flow level. Following
bursting the grains are scattered over several ripple
wavelengtha, and the at-reat bed ia esaentielly flat. 1In
the abaence of bursting, the mobilized grains move in an
ordered orbit about 3-5 cm long which settles to the bed as
transition ripples.

Inman et al (1986) auggeat an anslog between thia

visual sequence of granular-fluid eventa and the somewhat
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Figure 1-3. Photograph of sand burst over remnant ripples
(laft) and normal carpet-flow within the boundary layer
(right) [(from Inman et al, 1986]. The burst is about 10-195

cm thick and the carpet-flow about 3 cm thick.
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batter understood problem of fluid flow in boundary layers.
They detail the conditions and sequence of events during

both cerpet flow and burasting.

1.3 Redload. suspended load, and total load

Conceptually, sand tranaport conaiasts of two
fundementally different types of motion, bedload and
suspendad locad. Bedload is a dense concentration of
sediment mixed with interstitial fluid which moves along
the bad within the boundery layer. Suaspanded load occuras
aa discrete asand graina moving in the fluid interior far
from the bed. Bagnold (19354) determined the boundary
between suapended and bedload to be at a sediment
concentretion of ebout 0.08 of totel volume. The tranaport
physics for the two modes are quite different, because of
the greatly different sediment concentrations. In
suspension, the individusl grains have essentiaslly no
interaction with each other. On the other hand, bedload
conaista of auch dense sediment concentretions that the
graina continuelly collide with sach other and move as an
interacting body of sediment and fluid rather than asas
discrete particles (Bagnold, 1954; Hanes and Inman, 198S3).
The bedload measured in thia atudy includes both the very
densely packed ‘'granular-fluid" materieal very close to the
at-rest bed described by Bagnold (1954) and a projectile

typa of badload motion uaually referrad to aa "saltation."
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In this study we have measured bedload transport
and will teat bedload models. Under the conditions in our
exparimenta auapeandad load waa not a significent tranaport
mode. Thia assumption is supported by three observations
which are described in deteil below: (1) suaspension was
not obaervad by eye or camera, (2) auspenaion outside the
surf zone has been shown by other investigators to be quite
smell compared to bedload (Fairchild, 1972), and (3) even
if suspension were present, it would not be measured by the
sand-tracer methods employed in this study.

On those rare occasiona wvhen suspension was
visually observed, we purposely did not do an experiment.
Significant suapension was observed to occur under two
typea of conditiona, atorms and large rip currenta.

Becauae of theae imposed rasatrictiona on experimental
conditiona, the transports messured here are not
representative of the higheat transport rates during storas
or the lowesat ratea in & vortex ripple field. Rether than
describe the entire range of transporta ocoutside the surf
Zohe, our purpocase waa to messure badload in carpet-flow
conditions in order to test bedload models.

The mocat extenaive messurements of auspended

sediment treanaport ocutside the surf zone appear to be those
of Fairchild (1972). He found concentrestions by weight of
suspended sediment several meters outaide the aurf zone to

ba about 0.00003 for half-meter meean weve heighta. We cen
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convert this concentration to & transport rate and then
compare it with trensport rates messured in our experiments

to determine the significence of the suspended component of

transport. We first convert Fairchild’s weight
concentration of 0.00003 to a volume concentration of
0.000011 and then use the aquation which converts volusme E§
concentrations to immersed-weight transport i (Crickmore o
and Lean, 1962b): =
i % Cog-p) g NUZ (1.4 o
where N is the volume concentration of sediment, U the RS
crosashore velocity of the sediment (and also of the fluid
in the case of suspension), and 2 the vertical distance gy -
ovear which the concentration was messured. Using
Fairchild’s concentration N over his 2=10 cm and the
crosshore drift velocities in our transport experiments o
(0.3 to 8.5 ca/e) in Equation (1.4), we obtain e range of "
suapended trsnaports of 0.05 to 1.5 dynes/(cm-a). The |
croashore tranaports measured in our experiments ranged “%*
from 2.4 to 344.6 with a mean of 31.7 dynes/(cm-s). Under ey
these assumptions, the suapended component is clearly a ‘“
very small part of the meesured transport. ‘-
Qur finel argument in excluding suapension from our
experiments is the fasct that even if significant suspension -P“
ware preaant, it would not be meamured by the meathoda uasaed &ml
in our experiments. We injected dyed send into the bed and he

monitorad the motion of the tracer centroid with a grid of
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core samples. Sose argue that tracer grains may become
suspended and then drop back to the bed prior to sampling
of the bad, thus distorting tha estimate of the
tracer-centroid location. White and Inman (1987b) provide
several argusments supporting the conclusion that devices
which sample the sand bed will meassure bedload and not
suaspended load. The most basic argument states that
althought suepended concentrations are low, suapension
velocities are about two orders of magnitude larger than
bedloed velocities. Thus suspended tracer grains will
continuocualy move out of the sampling grid.

White and Inman (1987b) use the dimensions of their
surf zone sampling grid to demonstrate that any tracer
grain that spends more than 10X of its time in suspension
will not ba samplad in their grid of bed samplea. The sanme
calculations for the sampling grid in our experiments
ocutaside the surf zone show that grains which spend more
than 7% of their time in suspension will move out of the
grid before the first set of aamples is taken. The cutoff
parcant for later seta of samplea ia even lower.

From the numbera presentad above in the application
of Equation (1.4) we conclude thaet in our experiments
suspended tranaport was only about 1% of the bedload
transport. In a case such as this it may then be argued
that a measure of bedload is alao a good measure of total

transport, the sum of suspended and bedload tranaports.
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Since wa will be testing bedlocad models in this study, the
queation of whether ocur messurements are estimates of total
load ia moot. MNeverthaleas, there ia some geological and
engineering interest in the totsl crosshore transport rates
which may be expected ocutside the surf zone. For those
intareatad in auch nuabera, we aubait that ocur seasaurementa
may ba conaidered either bedload or total load, since the

suspended coaponent is so small,
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2. THEORETICAL CONSIDERATIONS
2:1 Tracer theory

NMonitoring the motion of dyed sand in order to
detearmine the motion of in-situ aand has been a method uaaed
aince the 1950’a (Inman and Chaaberlein, 1959). Such a
method entails two basic assumptiona: that the dyed sand
behaves in the same manner as the natural sand and that the
dyed sand’s motion can be adequately monitored. Methods of
evaluating theae two asausptiona will be detailed here.

The extent to which ocur experiments fulfilled theae two
criterion will be examined in Section 4.

Sand transport will be expressed in terms of
immersed weight of asand per unit width and unit time. The
terma “immersed” means that we will be using the effective
weight, the dry weight of the sand minus its buoyancy in
water. When we speak of crosshore transport, it will be
motion across a unit width longshore. Longshore transport
will be across a unit width crosshore. The determination
of the two tranaport quantities, mass and velocity, can be

accompliahed by meaasuring two quantities known aa tranaport

valocity, U, and tranaport thicknaesa, 25. The proper

equation was firat expressed by Crickmoraea and Lean (1962b):

-—lt -h

1 3 (pg=-p) g No }) 20 (2.1)
where Ng is the volume concentration of sediment within
aand bed, equal to one minua the porosity. For typical

wave-driven quartz beach sand it veries from about 0.50
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0.65. Six sand samples froa our experiments were examined
for their solids concentration uasing a vacuum pump. Ny was

found to be 0.60 with a standard deviation of 0.02.

2.1.1 Trensport velocity

In principal the mathod of determining the sand’a
velocity ia quite simple: the distance moved by the mass
centroid of tracer is divided by the time between injection
and sampling. Data consiat of a nuamber of discrete samplesa
of the bed which yield measures of the tracer concentration
at those points.

The manner in which theae discrete concentrations
are tranalatead into sand velocities depends on the type of
sampling grid. There are two basic types. The most common
method has been referred to as "spatial integration
method,” “spatial grid,' or *"Lagrangian.” It consists of a
sampling grid spread over all three spatial coordinates but
which ia aaapled at one point in time. Each of the
discrete sample concentrations is firast vertically
integrated within the bed to obtain a set of concentrations
N(x,y,t’) at each sampling time t’. The concentrations are
then used to obtain the velocity in the x-direction

(Crickmore and Lean, 1962a):

E N(x,y,t’) _x
Uce’) = _X,¥ h S (2,.2)
E N(x,y,t’)

X,y
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The velocities obtained are measures of the average sand
velocity between the time of tracer injection (t = 0O0) and
the time of sempling, t’.

When uaing Equation (2.2) care muat be taken to
juastify the inherent assumptiona of spatial uniformity.
When comsputing the onshore (x~-direction) velocity U(t’), it
is assumed that transport is uniform in the longshore
(y~direction) within the sampling grid. No topographical
variations were observed within the 2 to 4.5 meter
longshore extent of our grids, and we conclude that
longshore uniformity is not a problenm.

For grids used in previous trascer studies, the
condition of spatial uniformity was often not met. Over
the paat 20 years, most tracer atudies attempted to measure
total longshore tranaport within the surf zone. Sand

tracer was injected on a line across the surf zone.

Sampling then occurred throughout the surf zone, both
longshore and crosshore, at approximately one point in
time. The longshore analog of Equation (2.2) was then

spplied:

E N(x,y,t’) _y
V(t*) = _X,¥ .
E N(x,y,t’
X,y

In previocous treacer atudiesa (Komer, 1969;: Inmen et al, 1980:;
Kraua, Farinato, and Horikawa, 1981) it was e ther assaumed
that there was no variation in the crosshore (x-direction)

or that such verietion could be neglected. However, if
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either V(t’) or the crosshore sample apacing Ax were £
K strongly functions of x, then the assumption of crosshore A5

uniformity breaks down, and Equation (2.3) becomes invalid.

In auch a situation, the longshore transport velocity must
first be computed at esach crosshore location (White and )
. Inman, 1987as). Lt
: Provided there is longshore uniformity within the e

sampling grid, Equation (2.2) provides a Lagrangian measure R

% of the crosshore sand velocity. There is no need to assume ;ﬁ
'a cfo-shor. uniformity within the grid in order to obtain ég
2: this velocity. However, if this Lagrangian measure is to ;ﬁ
% bae combinad or used in conjunction with other Eulerisn Jﬁ
? quantitiea, then we muat further assume crosshore g%
}; uniformity within the grid. 1In fact, thia is what has been E&
ﬁ done in our set of experiments, because the measures of ;
5:’ waves and currents were obtained with Eulerian instruments E‘E‘
j (current meters and pressure senscors fixed at esasentiaslly $¥
i one point in apace). When we teat bedload tranaport ?i
p models, we will be using these Eulerian current '$

neassurements as inputa in the models and then compare the v

eatimated trenaport with our Lagrangisn sand traensports. xé

- - -
o

To justify this, we must assume spatial uniformity in the

' t
v
! crosshore direction throughout the sampling grid. This is b
! a much more restrictive assumption than the previcualy ¢§
1)
L) l.!;
: outlined one of longshore uniformity, for the simple reaason h}
N L '
! that waves, currents, and topography are observed to vary 1'
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on smaller scales in the crosshore direction.
Neverthelesa, the crosshore extent of our asampling grid
(6-8 satera) ia atill quite amell compared to the acale on
which aignificant croashore variations in waves, currents,
E and topography occur. Care was taken to place the entire

sampling grid outside the region of wave breaking. In no
: case wvere different topographical features esver observed at
‘ the two crosshore ends of the sampling grid.

The other type of possible tracer sampling grid is

known as "time integration method," "temporal grid," or

“Eulerian.” In auch a grid the sampling is spread in tise

[ e TS A

but occurs at one crosshore location. Such grids were not
ﬁ attempted in this study because they require temporal
K uniformity during sampling. The requirement of temporal
3 uniformity in an Eulerian grid waa judgad to be a much more
g difficult criterion to meet than the spatiasl uniformity
& requirement of a Lagrangian grid. The appropriate
equations, assumptions, and limitations of Eulerian grids

are deteailed in White and Inman (1987a).

IR

2:12.2 Transport thickness

; A knowledge of the transport velocity ia not
aufficiant to determine transport ratea. The velocity musat

be multiplied by the maaas of sediment in motion aa

o Y

indicated in Equation (2.1). This mass is the product of

the thickneas Z, and the concentretion of asediment Ngo.
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From conaservation of sediment masa, we know that the

product of concentrstion and thicknesa will yield the asnme
valua, ragardleaa of whether the mesasurements ere taken
while sand ia moving or at reat. In prectice, it is far
easiear to measure both concentration and thickness at rest.
Thae vertical concentration profilea of tracer within the
sadiment cores provide a record of the active sand layar.
However, these vertical profiles must be made to yield a
single objective estimate of the transport thickness.
Various statistical estimators cen be applied to the
vartical concentration profile. The thickness esatimateas
{rom all the core aamnplea can then ba averaged to yiaeld e
aingle eatimate of average thickneaa during the experiment.
We will now proceed to examine the vaerious ststisticel
eatinators of this treansport thicknesa. The reader may
wiah to refer to Figure (4-1) in the results chapter, which
lists all of the following esimators and comperes their
bahavior.

Estimates of this thickness have progressed from
simply obsarving the depth of penetration of trecer within
the core sample (King, 1951;:; Inmen and Chamberlein, 19%9;
Komar, 1969) to objective semi-empirical estimators.
Crickmore (1967) firast epplied an objective eatimator of
this thickness. His estimator gave realistic results only
for vaertical concentretion profilese in which there is no

increase of concentration with depth in the bad. After
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modifying the concentrations in those horizontal slices of
bed core semples, such that a given slice would have a
concentration no smesller than the layer immediately below
it (hereafter referred to as the “Crickmore profile”), the
following estimator of transport thickneass was applied:

£ N(z) az(z)
20 = _Z (2.4)
Nmax

where the summation is in the verticsl, Az is the vertical
thicknesas of the horizontal slice, and Npgy is the maximum
tracer concentration in the core. Although Crickmore
applied this method to transport in rivers, Gaughan (1978)
later used this estimator in surf zone studies and found
the desired result of reletive uniformity of 2o in time and
apace. The standerd deviation of 25 was equal to 42% of
the mean in his fall/winter atudies, 106X of the mean in
hia spring/summer studies, and 56%x of the mean in our study
(Figure 4-1). We confirmed Crickmore’s observation that
this egquation yields realistic results only if applied to
the ""Crickmore profile.” (When applied to the original
profile, Equation (2.4) often yields values of 2o far less
than the obaerved location in z of the preponderance of
tracer.) Ve also attempted & modification of Equation
(2.4) by substituting the average concentration in place of
the maximum concentration in the denominator, but found
this often yielded values of 2, far exceeading any

penetration of tracer.
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Obaerving the depth of maxiaua tracer penetration
(King, 1931) overestimates 2p. When a core tube is pressed
into a sand bed, some tracer can be carried down the sides
of the tube and later be counted at a greater depth than
ita in-situ depth. Ve believe that we have nearly
eliminated this problem by removing the outer layer of core
sanples before determining tracer concentration. Sampling
experisents have confirmed that more than 98%x of the deeply
penstrating tracer (>4 cm deep) has been removed from the
cores by removing the ocuter 3 am annulus. However, a few
dyad sand graina are atill presant at greater than in-situ
deptha. If the aaximum-penatration eatimator of 2o ia
used, these grains would completely determine 25. We
therafore applied an eatimator which eaquated 25 to the
maximun penetration of a concentration of 1.0 dyed grains
par gram of sand (Inman et al, 1980), in an attempt to
eliminate this problem. In analysis of our data, we have
compared this eatimator, a 0.5 grains/gram penetration
estimator, and the maximum-penetration estimator.

Kraua, Ferinato, and Horikawa (1981) applied an
eatimator which set 25 equal to a depth of penetration of a
certain percentage of the total amount of tracer found in
the core. This selection waa motivated by the observation
that moat of tha tracer appears in the top few centimetera
of the core. They plotted average 2,5 from several cores

versus the percent cutoff used to estimate it. The curve
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was found to depart froa linearity between 60 and 90%
cutoffa. Their preferred eatimator wes the 80x cutoff. In
order to ocbaerve and compare tha behavior of this type of
estimator with other methoda, we computed 80 and 90%x tracer
cutoff estimates of 2Z2,.

Another objective estimate of Z, was used by Inman
et al (1980). This estimator was based on the fact that a
completely uniform-with-depth distribution of tracer, which
abruptly decays to zero at a certain depth, could be judged
to have a transport thickness equal to that decay depth.
The developad estimator yields perfect results for such a
completely uniform vertical tracer distribution. This

estimator is expressed as:

L Nz) 2

20 = 2 4 (2.3)
E N@
z

where the sum is taken vertically over the entire core, and
Z is the depth of the midpoint of each core slice.

Equation (2.5) exhibits extremely aberrant behavior in the
case of a "buried® profile. For example, conaider the
buried concentration profile which haea the value zero to a
depth z=d, N’ between z=d and z=2d, and zero everywhere
below. Equetion (2.5) epplied to auch a profile yielda 2,
= 4d, an obvioualy unrealistic answver. In order to solve
thias problem, we firat changed the concentration profile to
a "Crickmore profile' and then applied (2.5), 0Of course,

with thia method (2.3) will yield the same answer for both
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uniforas and buried profilea. For comparison, the :1
experisantel dets were used to compute 25 froa (2.5) using X
both the original and “Crickmore" vertical concentretion

profiles.

2:1.3 Tracer recovery

One of the two basic assumptions in tracer asethods,
adequate monitoring of the tracer, may be tested by
balancing the budget of tracer. If the sampling can
account for moat of the tracer, then the set of send cores
is considered to be & good sampling of the tracer
distribution. The tracer in each core sample represents
the concentration of tracer in a rectangular ares . N
surrounding the sample, the bounderies of the rectangle
lying midwey between -aupl; points. This method of e
accounting for the amount of tracer recovered was firat Ja
used by Inman and Chamberlain (1959) and has since been
usad in many tracer satudiaea (Inman, Komar, and Bowen, 1968:; NN
Komar, 1969;:; Komar and Inman, 1970:; Inman et al, 1980; ji
Kraua et al, 1982: White and Inman, 1987a). However, aose s
tracer studies are still performed without this check on QQ

:

the quality of the experiment (Russel, 1960; Rance, 1963; h*
Ingle, 1966; Murray, 1967; Murray, 1969; NMiller and Komar, 'l
1979;: Duane and Jamea, 1980). e
In our experiments we used a “spatial" or P

“Lagrangian" saempling grid, conaisting of sample pointa
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distributed along lines in both x (crosshore) end y "
(longahore) directions, sampled et one point in time. To K
determine the total mass, M, of treacer recovered in the

sampling grid, we vertically sum the total number of tracer

grains in each core sample. Then each N(x,y) is multiplied EJ
by the ratio of the representative rectanguler area, AxAy,

to the core area, wmr2:

M= 1 E L LE N(x,y,2)] ax(x) ay(y) (2.6)
F o2 xy =z

where F isa the number of dyed grains per unit mess in the o
tracer sand, r is the radius of the core tube, and N(x,y,z)
is in unite of grains. This mass M of tracer recovered is
then compeared to the amocunt injected to determine the
fraction of trecer recovered.

The tracer recoveries for ell our (Lagrangien)

) gridas were computed and are listed in Section 4.3. Methods um
¥ .‘ t
) .‘0
‘ of estimating recoveries for Eulerisn gride may be found in ﬁﬁ
¥ ?.“U
White and Inman (1987a). _
N
o
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l..  Dimensional enslivsis 2y
A
. A word of caution regarding dimensional analyaia ,
9,00
and all baedload modela in thia atudy ia appropriate. All ?E
i (EA
bt
the varisbles considered are macroscopic quantities which ﬁﬁ
[XN]
ignore the detailed kinematics of the boundary layer. It ;w
(o0}
o
may be thaet the moat complete trensport model muat contein ﬁﬁ
U
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detailed physica relating macrosacopic quantitiea to $5
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sediment trenaport. This study atteapts to judge the .
ralative effectiveneas of various models which ignore the ‘ﬂ
poorly understood boundary-layer mechenica. Future
progreaa in understanding the kinematics may result in
rejection of all macroscopic modela used today.
The teachnique of disenaioneal anslyaias has aeveral
\ limitations. The appropriate number of dimensiocnal o
| variables necessary to describe a problem must be decided o
by other meana. However, once the number of dimensional
variables is selected, dimensional analysis determines the
correct number of dimensionless variables to be formed froa v
! the original aat of variablea. Furthermore, there is no iﬁ
f uniqueness in veriable selection. Dimenaional analysis *E
will not suggest which variables to choose from the K
originel list, nor will the resulting dimensionleas :g
verisbles be unique. \é
There are many different mathematical models of
! aadimant tranaport with many different functional forma, A
but many investigators agree thast the appropriaste numsber of N
macroacopic variablea describing transport ias seven (i.e., jg
Yelin, 1972; Dingler, 1974; Sleath, 1978). VYalin (1972) e
presents & series of arguments demonstrating that each of Vf
aeveral additional varieblea can be expressed in termas of -
the seven variablea ha choae. Howaver, the choice of aaven
variables from a list of fluid and sediment quantities is

N not unique. When developing and examining varioua modela,
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we will refer to Yalin’s choice of seven variables. This
will allow us to determine which tranaport models have too
few variablas (underdetermined) and which models have ao
many variables that there is redundancy (overdetermined).
Underdetermined models may work well for the apecific
situation for which the model was designed but not apply
well to more general situations. Overdetermined models may
be impossible to truly test becsuse functional varietion in
one variable may appear as variance in snother related
veriable.

Diaensionel analysis will leed to & tresnsport
relation consisting of dimensionless groupings of
variables, which may in itself be considered a transport
model. In fact, such a dimensionless model is very wvell
suited to teating with empiricel transport data, such as
from this study. In addition to using dimensional analysis
to compare other mocdels, we will use ocur empirical dats to
test a model arrived at solely by means of dimensional
anslysis.

The basaia of dimenaionel analysias is the Buckingham
Pi Theorem, postulated in 1914, A complete proof may be
found in Lenghaar (19351). Tha two regquirementa for correct
application of the theorem are that all the possible
verisbles in the problem muat be known and that one muat
not include other variablesa which are functiona of those

already listed. Application of the theorem results in a
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\

set of independent dimensionleas variablea which completely
detarainea the problem. The set obtained is not unique,
but every other possible set of dimensionless variablas is
a product of powers of the variasbles obtained. The theoream
is applied by stating the dependent veriable, I, as a
function of Nasn-d dimenaionleas variablea, XKk, where n=the
number of dimensional variables in the problea, and d=the
nuaber of phyasical dimensiona in the problem:

N = £(X1, X2, X3,.40+,5 XN) 2.7)
Note that in addition to forming dimensionless groups which
are convenient to teat, the theorea has the advantage of
raducing the number of varisblea in the problem by d. Thias
reduction in variablea is eccomplished by solving the N
homogenaeity equationa, which provide that the dimensions of
the original dimensional variables, ayx, add up in a way
such that the X variables are dimensionless. The
homogeneity equations are:

g A1 71 61
X1 = a3 az a3 ... Qn

«2 82 v2 62
X2 = a3 a2 a3 ... ap (2.8)

N AN YN SN
XN = a3 a2 a3 ... ap

The X’as above sre the resulting independent variables,
whereas the dependent dimensionlesa variable haa the form

oc 3 v é
NN=AX, X2 X3 ... XN (2.9)
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In the above analysis the a’s are the postulated
dimenaional variasbles, the X’s are the dimensionless
variables obtained in the analysis, the subscripted Greek
letters are the exponents obtained in the analysis, and the
unsubscripted Greek exponents in Equation (2.9) are unknown
exponents (to be determined from experimental data).

We now proceed to apply the above general analysis
to the problem of sediment transport in oacillatory flow.
Although the number of different variesbles for such a
problam is potentially endless becasuse many variables are
functions of each other, it is generally recognized that
there are seven independent dimensional variables for this
problem (Yalin, 1972; Dingler, 1974; Sleath, 1978). The
Buckingham Pi Theorem allows us to select which seven
variables to use, as long as they are independent. The
following selection of variablea will result in a aet of
dimensionless variables which is wall known and physically
meaningful. The dimenaional vario;l.u consist of static
fluid paerameters (v, the kinemetic viacoaity, and p, the
fluid density), atatic sediment parameters (D, the median
grain diametar, and pa, tha sadiment denaity), and dynaaic
flow paramatera (u(t), the flow velocity, do, the wave
orbital diameter, and g, the acceleration of gravity). For
notational convenience, we will substitute for gravity the

factor which converts asoclids volume to immersed waight,

vg*g{(pg-p). This is done because in sediment transport
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mechanics, g alwaya appears in conjunction with (pg-p).
Finally, we select sediment transport, i, as the dependent
variable.
: Other variables could heve been chosen, which the ¢
= examination of other models illustretes. For example, the ﬂ
orbitel diameter could easily be replaced by the wave K
! pariod. Some models include the angle of internal friction W
i in the sediment inatead of grain size (Bagnold, 1963: RN

X Bailard and Inman, 1981). Bagnold’s (1963) model also e

includes beach alope, a friction fector, and an ??
:‘E'l
f; “afficiency" factor inatead of viscosaity, sadiment density, '}
2 and orbital diameter. VYalin (1972, Section 3.5) examinesa V.4,

this flexibility of ‘hoices in detail. In particular, he
3 ahowa how gravity, friction factors, alope, and the flow é
" depth may be interchanged for studies of unidirectional v
N flow. Howaver, the relstion between beach slope and the RN
other variables is not as well understood for oacillatory I’

flow. Thua we chooase not to select beach slope in our

e
T -
-

analysis. Many investigators choose to aelect only the ot
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peak vealocity, up, and ignore temporal variation. Such a o
“ variable is not independent of the onas we have selected, X
since it is a simple function of u(t) and do for linear
wavea. We selected u(t) becauase it ia more accurately

obtained froam cur meaaauremanta.
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The only macroscopic variable which is independent "
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aof thea abhove aelectiona, and which we deliberately chooae 5
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to ignore for the moment, is the transverse fluid velocity. ﬂ 
The variasble u selected above ias the fluid velocity in the e
direction of transport (crosshore for our data set). But o
it has bean suggeated that the transverse velocity, v, may S
play @ role in sediment transport by contributing to the ly

effective bottom stress (Bailard and Inman, 1981;

i

Kobayashi, 1982). In our data set v was generally not E‘,:::é
important, becauae the onshore grid orientation wvas set up ‘;$
to agree with the direction of wave approach and other &&
contributions to longshore velocity were small. This is %a
usually not true in the surf zone. )ﬁ
We now apply Equations (2.8) to the seven varisbles J%g

chosen. In our problem, the nuaber of physical dimensions, §¥
d, is three. This is the case for most mechanical $§
problems, aince there are three basic dimensions of time, ,?ﬁ
length, and mass (Hughes and Brighton, 1967; Yalin, 1972). Egg
Thus there are four equations in (2.8). That is, N (4) = n %&
(7) - d (3). Applying these equations, and solving for the ﬁ&
dimensionless variables Xy and their exponents, we obtain: &a
X1 = y D =R (grain Reynold’s nuaber) ‘&32

X2 = ::H% m 0’ (modified wave Shields’ number) §$1

X3 = _éa = S (wave Strouhal number) (2.10) §§§

Xeg = _oa (specific mass) 3&;

A ::“;i

The dimensionel trsnsport, i, becomes nondimensionalized 'f&
i
\ﬂﬁi

.;552
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M= _4 5 =@ (2.11)
(vg D)3

Subatituting (2.10) and (2.11) into (2.9), the tranaport

equation can now be expraessad aa:

ol o2 «3 sc4y
$ = oo R (- 1d S (p/pa)d (2.12)

where the e«’s are unknown and to be determined empirically.
Yalin‘’as (1972) argumenta suggest that the above
equation contains all the macroscopic variables necessary
to deacribe sediment tranaport in oacillatory flow. In
addition to comparing it with each of the transport models
to be exemined, we will tesat it empirically with tha data

obtained in this atudy.

3 edload models

Send movea aa bedload in a dense granuler-£fluid
mixture along the bed. The reason that the bed is terred a
granular-fluid isa that bedload violates the basaic
assumption made in the development of fluid mechanics, the
continuum hypothesia: "the macroacopic behaviour of fluidas
isa the same as if they were perfectly continuous in
atructure" (Batchelor, 1967, p. 4). In practice Newton’s
lawa of motion cennot be applied to individual particlea
and then integrated over the macroacopic region, because
the medium is not continuocua but consists of a complex
mixture of sand and water of varying consistency. Sone

badload models have been formulated which avoid the
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continuum hypothesis by allowing the volume concentration
of sediment to be an independent variable. These continuum
theories (Goodman and Cowin, 1972; McTigue, 1979; Pasaman
et al, 1980) poatulate saverasl conatrainta on the
thermodynamic behavior of granular-fluid. Not
avxoriaingly, theae modelas all have seversl undetermined
free paramneters which make applicetion and testing nearly
impoasaibla.

Another type of bedload model examines the particle
interaction between grainas of sand. The granular
collisions transfer atress in s postulated manner,
rasulting in the tranafer of force within the bad. Bagnold
(1954) firat measured the momentum tranafer and verified
the Coulomb yiald relation between normal and tangential
atresses. More recent models include the affect of
fluctuating granular velocities on the stress (Ogawa et al,
1980: Ackerman and Shen, 1982: Savege and Jeffrey, 1981;
Jankina and Savage, 1983). These modela have fewer free
varapeters then the continuum models but have yet to be
tested. However, certain assumptiona and conclusions of
the models have been tested. Hanes and Inman (198S%)
verified the basic Coulomb yield criterion inherent in all
such models and the quadratic atresa/sheer-rate
relationship for different sediment concentreations.

A third type of bedload model may be termed

“macroscopic dynamical modela" or "integrated box models.*

.
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This is the type that will be examined in this study. They f;
are dynamical because they relate the fluid forces to
sediment tranaport, but they ignore the detailed

kinematica. They are macroscopic in that they do not
attempt to describe what happens on the level of the

individual grain but consider only meen macroscopic

AR Aol

Q quantities. Such models ignore the detailed physics and
' postulate relations between the macroscopic quantities of
. velocity, force, and atress of the fluid and sediment. ;{
We will classify each of the macroscopic dynaaical
badload modela by the power of the fluid velocity in its
tranaport relation. Each of the models to be examined can o

be put into a form stating that sediment trensport, i, ia it

».A,
R
A

proportional to some power of the measured fluid velocity,
u.
There are alaso other quantities which eppear in the
models, listed in Table 2-1. Two madels claim that the
¢ longshore current has some beering on the crosshore
trenaport. Many of the models recognize the need for a
threahold fluid velocity, below which the aediment will not
move. Three of the modela contain beach slope and a
aeasure of internal friction in the sediment, wheresaa moat ;f
of the rest simply include graein size. All but two of the -
models contain en undetermined coefficient. Two of the vy,

modela include the wave orbital diameter. &
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Table 2-1. Veriables used in bedlocad models

crosshore velocity moments:

uld: Bagnold, Bailerd & Inman, Kobayashi, Meyer-Peter
& Mueller, Yalin
ud: Hallermeier, Slesath
us: Hanea & Bowen
ub: Madaen & Grant, Shibayems & Horikawa
: Other moments: Einatein

Velocities:

u(t): All models

vi(t): Bailerd & Inman, Kobayashi
» ug e Bagnold, Bailard & Inman, Kobayashi, Madaaen &
o Grant, Meyer-Peter & Mueller, Sleath, Yalin

Beach slope:

A Bagnold, Bailaerd & Inman, Kobayashi

(agray

Grain aize:

# (internal angle of friction): Bagnold, Bailard &
Inman, Kobayashi

D (madian grain aize): Einstein, Hallermeier, Hanes &
Bowen, Kobayeaahi, Madasen & Grant, Shibayama &
Horikava, Slesth, Yalin

Coafficients:

cfgl Bagnold, Bailard & Inmen, Henes & Bowen,
Kobayashi, Madsen & Grant, Meyer-Peter & Mueller,
! Shibayamnse & Horikawe
ep (drag coefficient): Kobayaahi, Madsen & Grant,
v Shibaysma & H.. ikawa
€y (efficiency): Bagnold, Beilard & Inman
£f1 (friction & lift coefficient): Sleath

T e e

p All models

Yy Einatein, Hallermeier, Hanes & Bowen,
Kobayashi, Madsen & Grant, Shibayama & Horikawa,
Sleath, Yalin

Wave orbitel diemeter:

+ - P Hallermeier, Sleath
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All of the following models will be tested with our
oscillatory transport data. Some of the models werae
developed and intended only for unidirectional tranaport
conditionas, but we will apply them to ocacillatory flow
anyway. In the search for a good transport model, we do
not wish to eliminate models simply because thay were
developed for unidirectional flow. We will describe the
limitationa of each model in terma of ita application to
our type of oscillatory flow. However, we do not suggest
that the developera of unidirectionsl models in any way
erred in deriving a model which we have extended beyond its

originally intended use.

3 ala

Tha following models all posatulate that sediment
tranaport is proportional to the third power of the fluid
velocity. The first two modela (Meyer-Peter and NMueller,
1948;: Yalin, 1963) were devaloped for unidirectional flow.
Naevertheleasa, we will be taating them with our

oacillatory-flow tranaport data.

er-P & Mueller’s un @ nal- w mode < )

The Meyer-Peter and Mueller bedload equation is the
oldest and asimplest model we will examine. It ia much more
widely usad in Europe than in this country, but since it is

old and familiar, it is satill used as a basis of comparison
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when teating new models (Goud and Aubrey, 1985; Hanes and
Bowen, 198S5).

Thia model was developed in a series of laboratory
flume tasta on a aloping bed for unidirectional flow. The

rangea of characteristics in the tests are:

Flow depth 1 ecm ¢€h ¢ 120 ea

Slope 0.023 < 4 < 1.19% (2.13)
Grein size 400 p < D < 30000 p

Specific gravity 1.25 < pg € 4.2

The above condition which most restricts the use of their
model is the lower limit on grain size. They had few data
points for D < 2000 microns and no data for grains smaller
than 400 u, whereas most beech send has a median grain size
of about 200 u. Bagnold (1974) suggesta that important
changes in the relastive magnitudes of forces (lift and
drag) occur for D > 1000u. This model was never intended
for uae with small grain sizes or in oscillatory flow.

The transport equation in dimensionlesaa form ia:

$ = 8 (0°-0.047)3/2 (2.14)

The number 0.047 serves as & threshold stress, necessary
for the initietion of motion. The authors were apparently
unaware of Shields’ (1936) work expressing the threshold
atress as a variable. Furthermore, for the large grain
saizes used in Meyer-Peter and Mueller’s experiments,
threshold stress is roughly a constant. We will now change

thia value to a variable threshold atressa, as expresaed by
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Shielda. This adaptation extrapolates the model to include ?E
our beech-sand grain size. This is in keeping with moat 'tt
other modern suthors who make the same adaptation when ﬁi
applying the model (Yalin, 1972; Goud and Aubrey, 19835). i;
The dimensionleas and dimensional versions of (2.14) then _
becone: *::“
=8 (0°-08°¢)3/2 (2.15) E:';i

1 = 8 p (u2-up2)3/2 H

Before (2.15) can be used in our testas of oscillatory Eg
transport, one more modification must be considered. E;
Clearly if a time-varying velocity, u(t), is inserted in s
(2.1%), transport will always be positive. This was not a §¥
problem with the original model, since it was used only in 3;
ateady flow. Thus in testing (2.15) we will compute the i
tranaport for each time step, but then multiply the result ;k
by the sign of tha velocity. ga
When treanaport equations from steady flow are :}

applied to oscillatory flow, it is customary to include a %&
friction factor, cf, which in some manner accounta for the %g
difference in the boundary layers between the two flows pe
(Bagnold (1963), Bailard and Inman (1981), Kobayaahi §§
(1982), Sleath (1978), and Madaen and Grant (1976)1. %g
¢

Inserting a friction factor will result in absolute :m
Y

transport numbers which are much more realistic, but will éﬁ
maka abasoclutely no difference in judging how wall the model &ai
performs. All the transport numbers will be reduced by :‘
“y
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about two orders of magnitude by including the friction
fector, but all the numbers will be reduced in exactly the oS
same proportion, since the same friction factor will be e
uaed in all experimentsa. Including a friction factor in ;ﬁ”
(2.139) results in the following foraa: NN
¢ = 8 (0-8¢)3/2 (2.16)

1 =2 8 pcg3/72 1p2-4yp2)3/2
This is the form that will be tested with our data. N
The Meyer-Peter and Nueller model ia @,

underdetermined. By comparing (2.16) with our N

dimensionless tranaport model derived from dimensional oy
analyaia in Equetion (2.12), we see that (2.16) haa omitted SO
three important parematers: Reynold‘’s number, Strouhal MRS

number, and the reatio of the densitiea. Shislda’ number, et

@, in (2.16) may be the most important parameter in fgﬂ

AN
sadiment trenaport, but it is clearly not the only one. :%yi
Omission of the Reynold‘’s number in (2.16) means that this ‘Qg’
model will not perform well when viscous effects are fﬁﬁ

vatt
important (i.e., small grain sizes, since R = uD/w). j*g

Omission of the Strouhel number will result in neglecting

the poasaibility that accelarations as well as velocities §S§
are important. Omission of the density ratio will not be a ﬁ%;

et
problem as long as we restrict ourselves to one set of '@ﬁ
materiais (i.a., quartz sand in water), but the eaguation gﬁg
may not be conaidered applicable when applied to materialas ‘ﬁm

with varying density differences.
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’ - )

Yalin (1963, 1972) developed a tranaport equation
beaed on evalueting the forcea ecting on an individual
grain in order to determine when and how far it would move.
This type of motion occurs above the granular-fluid region
and is considerably less dense. It is an important part of
bedload trenaport, but not the only pert. The cumulative
interaction of densely packed greinsa in a grenular-fluid,
first examined by Bagnold (1954), results in the grains
moving in & manner which cennot be explained by simply
summing up the forces on the individual grains.

* Nevertheless, many investigators have developed models

¥ based on motion of individual grains.

X Yalin developed aeparate expressions for the total
nasa of asadiment moving per unit area of bed and for the
mean velocity of grain motion. Theae product of theae two

r quantities is transport. The detailas of deriving these two
“ quantitiea are quite complex (Yalin, 1972). The concepts

& and assumptiona involved in deriving the velocity of
tranaport are as followa. Both drag and lift forcea on an
individual spherical grain are considered. The vertical

profile of horizontal fluid velocity neer the bed ia

assunaad to linearly decrease to zero at the bead. A
threahold ahear atresa like that of Shields (1936) ia b
" applied. The resulting expression for the average )

tranaport velocity ia:
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U/u = 1 [1 - 1ln(1l +» aa)/(am)] (2.17)
where ci is some unknown coefficient to be experimentally
determined, and:
| a = (0-6y) / B¢ (2.18)

a = 2,45 VO’ / (pg/p)0.4
Aa Yalin adaitas, with little theoretical juatification he
asasigna the form for the mass in motion as:

Rp’ = My vg * c2 vg D & (2.19
where s is defined in (2.18). Combining (2.17) and (2.19)
and doing aome manipuletion yields the dimensionless
transport equation:

$ = 0.635 a v’ (1 - 1ln(l + as)/aal (2.20)
where the coefficient 0.635 ia the product of ci and c2
which Yalin determined from some experimental laboratory
data. Equations (2.18) and (2.20) can be tranaformed into
dimenaional gquantitiea:

1 3 0.63%5 vg D u (U2-up2) UE~2 (1 - 0.41 pg0-4 5-0.9 (va
D05 ut (U2-up2)-1 1n(1 + 2.45 0.9 Lg-0.4 (4gq D)-0.5 yp-1
(u2-us2>)) (2.21)
Equation (2.21) is the one which we tested with our
experimental deta. Yalin considers the case of u >> up for
which (2.21) simplifies to:

1 = 0.63% vg D u up~2 (u2-uyp2) (2.22)
It can be seen from (2.22) that Yalin’as model is a u3
treanaport model in the limit of strong flow. An important

point to notice in (2,22) ic the fact that it ia not

OOOON |.0 .'l‘..
"‘h"u"t.‘ o SO0 X he

%) ' 0 “ ‘i WK "l ity ) '.l“. |\|‘l ‘l(‘l'
‘l‘u.l ..0. ‘I.-"I ’l"::.‘.:““l..'l ,'A‘:‘l‘a'l ‘.l.“l"' P o’l‘\ ‘l‘\ L) l‘l L b“.«\'..i“‘t".l" AN

3 . 81087, U e 0y e 0y 80 800 g b
,& ‘i, p*-.",‘; ol ‘s%.v R \m '.v :‘Nv'.o



poasible to omit the concept of threshold velocity from
Yalin’s model, even when flows are quite strong. Setting
ug to zero would ceauae (2.22) to approach infinity.

Now conaider the limitationas in applying Yelin‘’sas
model to oscillatory flow. For oscillatory flow relation
(2.20) is an underdetermined model. The variasbles omitted
are viscosity and orbital diameter. Thua we would expect
this model to be inaccurste in viscous flows (very amall
graina). The observed increase in tranaport with wave
period would also be lacking from this formulation. We
also muat keep in mind the asevere theoretical limitation of
describing only individual grain motion and not the

granular-fluid portion of badload.

Bagnold model (1963)

The transport models that appeared before Bagnold
(Meyer-Peter and Mueller, 1948; Einstein, 1950) were
entirely empirical. Bagnold was the first to develop a
tranaport model based on principles of physica. Since many
authora (Bailard and Inman, 1981; Kobayaahi, 1982) followed
Bagnold’a lead in deriving a bedload aquation, we will
axanine Bagnold’s logic in aome detail.

Bagnold first used the concept of fluid shearing,
in which the rate of energy dissipation per unit volume is
the atress tensor tines the deformation tensor (Batchelor,

1967). Analogously, for a granular-fluid (sand forced by
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air or water), he expressed the fluid power expended in

tranaporting bedloced, per unit bed area, as the sediment
stress times its velocity:
Q=T4U (2.23)
A wall-known property of sediment mechanics is called the
Coulomb yieald criterion. The tangentisl stress in the
sediment, T, is equal to the normal stresa, P, times the
internal angle of friction:
T = P tan# (2.24)
The angle # ias a scmawhat easier property to measure than
the internal atreases. Bagnold then considered the atress
balance on a aloping bad, aa in Figure (2-1). Applying
aisple trigonometry to the atreasea and the angles of
internal friction, @, and beach slope, 3, he obtained:
Streaa from fluid:
T¢ = P tans = map’ g coal tand
Gravitational stress:
Tg = mp’ g ains
Total stress:
T - Tg = ap’ g (cosB tand - aingA)
= mp’ g coal3 (tand® - tanf) (2.29%)
Combining (2.23) and (2.25) we have:
2 =TU= ap’” g coaB U (tan® - tanA) (2.26)
Now the tranaport rate of sadiment ia defined aa the
sedinent weight per unit area times the velocity with which

it movea:
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BED LOAD STRESSES

P=myg ——

Figure 2-1. Forces acting on bedload (from Inman, 1979):

(A) horizontal bed and (B) bed aloping at angle 8.
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i = (mp’ g coa) U (2.27)

Combining (2.26) and (2.27)>:
Q=41 (tan® - tangd) (2.28)

At thia point Bagnold applied the concept of
machine efficiency to a atream tranaporting sediment. The
powvar aexpanded by the fluid in tranaporting the aediment is
some fraction of the total power availaeble in the fluid:

Q= gp w (2.29)
Equating (2.28) and (2.29) we srrive at the expression for
sadiment tranaport:

i = €Eh @
tan® - tansg (2.30)

The total available fluid power is equal to the fluid
atress timea the velocity, w = ¥ u. A quadratic stress law
is then applied to obtain the fluid stresa, so that:

W =Tu=(pcf u2) yu= pcg uld (2.31)
Combining (2.30) and (2.31) we have Bagnold’s transport

model

1 = _8&h o ce y3d
tans# - tens (2.32)

Equation (2.33) cannot be directly translated into
a dimensionleas form like (2.13), becasuse it contains
veriables such as c¢, €h, %, and 8, which are related only
in some unknown way to the variables used in our
dimenaional analysis. Variables such as fluid and sediment
denaities, grein size, viacoaity, and orbital diameter

which wa used in deriving (2,13) may be functiona of the
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E efficiency and friction factors or the angles in the iﬁ
? denominator in (2.33). In considering the limitations of %;
(2.33) we can only express the practical problea of aﬁ
; attempting to evaluate two unknown coefficients. It is t%
¢ s
* particularly unclear how the efficiency factor should be Qi
* evaluated, since it does not appear in many other mcdels. :3
3 There is evidence for unidirectional flow which suggests E
that ¢p increases as the fluid power w incresases, until ep ;&
; reaches a constant value of about one-third at some value 'ﬁ
: of w (Bagnold, 1966; Inmen, 1979). We can only asaume that gﬁ
the conditiona determining the efficiency in (2.33) remain 5$
constant for our aexperiments. s?
Equation (2.33) was developed for unidirectional ?&
flow, but Bagnold (1963) made suggestions as to how it t&
might be adapted to oscillatory flow. He auggests that the oty
atress on the bottom may be proportional to the maximum Dé
orbital velocity umn. Thus 5&
1 = K’ w u/upn %ﬁ
= K’ (pCfu.a) u/ug 'ag
e ece u ua? 5
tan# - tans (2.33)
which ia the same aa (2.32), except that uup? haa replaced L
, u3,
Relation (2.33) was tested in the crosshore ;
direction in the laboratory by Inman and Bowen (1962). It
wes reformulated into a longshore transport model by Inman ‘
and Bagnold (1963). Bailard (1981) points out several N
' N
: i
-~ ‘ N
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models which incorporeate this concept. Komar and Inman
(1970) show that (2.33) is equivalent to the integrated
longshore model of relation (1.1) under certain

assumptiona. We will test both the original

RN

unidirectional-flow model and the suggested u up?2 model

with our oscillatory transport datas. i

a d a nman m 1 ¢1981)

The Bagnold transport relstion (2.33) was derived %g
for steady flow, but may be applied without modification to N
cacillatory flow. However, Bailaerd and Inman (1981) lookaed
i at all the assumptiona in the derivation of Bagnold’s model
E and made changea whenever differencea between ateady and
‘ oacillatory flow applied. The basic manner in which the
o] fluid velocity enters into the derivation did not change. r
b That is, insteed of using a nonvarying fluid velocity as
aasumed in Bagnold’s derivetion, they used the mean value s
of the time-varying oscillatory fluid velocity. It waa
neceasary to sssume that the phsse difference between the
fluid velocity above the bed and the stress acting on the
bed did not significently affect this method of hendling
the velocity. Such an assumption is not necessarily
justified, but there ia no practicel alternative. All
authors developing auch a model find it necessary to aake iy
such an esaumption of smaell phase difference (Yalin, 1972; i

Madaen and Grant, 1976: Sleath, 1978; Kobayaahi, 1982).
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Two sets of laborstory experiments (Kelkanis, 1964; Sleeth,
1970) suggeat this phase difference to be somewvhere between
zaro and w/4.

The one aignificent difference in the sasuaptions
used by Bagnold (1963) end by Bailard end Inaan (1981) was
that Bailard and Insen did not sasume the flow direction
and the slope of the bed to be in the same direction, as
had Bagnold. The two forces scting on the sand, fluid
atress and gravity, esre therefore not neceasarily perallel.
The Bailerd and Inmen model is thus s two-dimensionsl
tranaport model. It yields transport equetions for beth
the crosshore and longshore directions.

Once the small-phase sssusption and astreess
bidirectionality have been esddressed, the derivation of the
Bailard end Inman trenaport equetion is & astter of
algebre. A detailed derivetion ney be found in the
eppendix of Bailerd and Inmen (1981). The treaaport

equations for the crosshore snd longahore directiona ere:

in * sh ags (ur?2 u - sans urth)
tans tens (2.34)

iy = sh o gg uT2 v
tans 2.2

where ur is the totel velocity, (u2+v2)0.3, Note the
similerity of these equetions to Begnold’s Kgquetion (2.23D).
The seme coefficients end the sese ul dependence eppeer.

However, both components of velocity aust now be teken into

account. The reenson for this 18 thet Bailerd end Inaan
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assuned the atreas on the bed to be proportional to the
total velocity, not juat the velocity in the direction of
transport. Furthermore, the simple difference (tans -
tenf) in the denoainetor of (2.33) now appears in (2.34) as
a difference between two terms involving the velocity as
wall. One conaequence of this is to change the concept of
aupaercriticel flow, uaually refarred to as "turbidity
currents.” When the denoainstor in (2.33) becomes
negetive, the equation imrlies the sediment will move
downalope due to grevity. The condition for initietion of
a turbidity current becomes & more compliceted function of
the velocity in (2.34).

Juat as with the Bagnold model, we cennot compare
the Bailerd and Inman equation with our dimensionsl
anelyesis in (2.13). It is uncleer what varistion is
ellowed in the two coefficients of friction and efficiency.
Aa with the Bagnold equetion, we cen only essume thaet these
two coefficienta do not very greetly in the conditiona
preaent in our experiments.

There are two precticsl limitstions of the Bailard
and Inmen model. The presence of an efficiency coefficient
a8 in Bagnold’s model sekes it difficult to detersine what
nusericel coefficient should be used when aepplying the
model. Furthermore, when computing the two velocity terass
An (2.34) it ia noted thet the reaulting croaahore

trenaport ia & amsll]l difference between two lerge nuabers.




The practical consequence of this is that (2.34) is much
nore sensitive to errors in measurement of the velocity or
the bhed slope than most other models. This restriction
doea not apply to the longahore equation (2.35) which

containas only cne teram.

K L )

Kobayashi (1982) derived both instantanecus and
mean bedload equations. The mean equetion is intended for
uae in aituations where the time-seriesa u(t) is not
available and waa derived with the aasumption of ainuaocidal
wavea. The mean aquation will not be conasidered here,
aince we meaasured the fluid velocity directly.

In deriving the instantaneocus bedload equation,
Kobayashi made all of the same basic assumptions as Bailard
and Inman (1981): qgquadratic stress, astress proportional to
the total fluid velocity (not just the velocity in the
direction of transport), inaignificant phase difference
betwaan fluid velocity and aediment motion, and
nonparalleliam of baeaach slope and velocity. Thua it ia
aubject to the same linitationa and advaenteges of each of
these assumptions.

Kobayaahi derived hia model by conaidering the
dreg, lift and gravitetional forces on the "average" sand
grain and integrating over the available mass shesred by

the fluid astresa. The resulting equationa (21 and 22 in
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hia paper) are complicated functions of: beach slope,
grain size, internsl esngle of friction, sand and fluid
densities, drag and lift coefficienta, the direction of
fluid motion, Shields’ yield criterion, gravity, fall
velocity, and three empirical coefficienta. He uses sonme
laboratory data of Bagnold (1956) to suggeat valuea for hi
coefficienta. He includes a commonly used expression for
fall velocity. With these additional assumptions, his
equationa can be translated into the set of variables ve
have been uaing aa:
ix = 1.6%5 cg ut~1l ((1+0.1 tan®) o vg D (cp tan® -1} (cos$
(UT2-ug2)(uT-0.7ut) + ainB cot# [coa2¢ (uT3-0.35 ug
(uT2+ue2)) + 0.78in2¢ (1+0.1 tanmd u¢ ur-l
(uT2-ug2) (uT-0.7ued 1}
(2.36)
iy = 1.65 c¢ ue~l ((1+0.1 tan ®) p vg D (cp tan#) -1} (sin¢
(uT2-ug2) (uT-0.7ut) + ainf cot® coas ain¢ (ur3-0.35 ug
(uT+ue) - 0.7(1+0.1 tan® ug ur-l (UT2-ue2)(uT-0.7up)dl}
(2.37)
whare ¢ is the angle indicating direction of the fluid

valocity in degreea clockwiase of offshore. The two

exprassaiona for croashore and longshore tranaport are gquite v

complex, but an examination of the velocities rovoéls th o

the higheat power of velocity in each term ia three. Thua

tranaport is proporticnal in some complicated manner to u3,

Kobayashi’s model is the only one we will examine
which can be described as overdetermined. An
overdetermined model contains more varisbles then are
necessary to compute treanaport. Kobayashi includea

variablea which are cleerly functiona of eeach other, such
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as grain size, internal angle of friction, and beach slope.
Both friction and dreag coefficients ere included, whereas
many authors consider these to be simply related to each
othar (Bagnold, 1963: Yalin, 1972: Sleath, 1984). Thia
overdaeterminednesas will generally result in inaccurecy when
the equation ia applied to real data. Not only will the
errors in measurement of each of these gquantities be
preaent, but measurement of each of these gquantities
requires conaiderably more eaffort than measurement of the
faver quantities required in other tranasport equations.
Thua the principal disadvantage of Kobayashi’s model is
that it is too complicated, both theoretically and in its

regquirement of measuring more variables than are necessary.

2:.3.2 y4 models

Sleeath ¢1978)

Sleath conaidered the varioua nondimensional
parsnaters which describe sediment trensport, just as ve
did in Section 2.2. He then proceeded to fit the
experimental dats from laborstory trensport meassurements to
the veriocua nondimensional parsmeters important in sediment
tranaport. His conditions were restricted to flow in ona
direction under weaves and did not include a sloping beach.
The reaulting equation which best fit his date can be

expreaased as:

1 = 472 <2D/da) (e £1/72)37/2 y (u2-ye2)3/2

] ;.
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whare £f1 is a coefficient which includes both the friction 0y
coefficient cg¢ appeering in other models and a grasphically
deterained eapirical expression for a lift coefficient. ‘e

The dete used to determine Egquation (2.38) canme Tise
from Sleath’s series of experiments with smeall wavea in

i which he counted individual graeina of sand as they amoved e

5 it
: off the end of & flow chennel. The treansport rate was §§
| extremely amell, about three orders of magnitude smaller -
X than the rates present in our field experiments. Such low gf
i tranaporta warae neceassry, aince he was vigually counting :?
k individuel grains as they moved. His experiments were .
é perforaed on e flat bad, but if the conditiona of his S?
; experiments are uased to obtain a Shielda’ nuaber g?
§ ¢
characteristic of the flow, then the type of flow predicted .
i is well into the ripple treansport regime. The only ﬁ;
é poaaible explenation for this discrepancy is verified by a gg
atatemeant made by Sleeath concerning hisa experimenta. Hias ii
: data were gathared very quickly after flow begen. If flow %
% continued, ripples appesared. Cleerly he did not wait for i:

conditionsa in his wave channel to equilibrete with the bed

in order to schieve a steady state before beginning e

aessurenent., This pleces severe doubts on the
applicability of hia experiments to reel transport
. conditions. N
The limitations of Sleath’s model mey be summerized v

aa followa. Viscoua effecta are excluded froa his model.
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ss r
(He did not find aignificant variation in transport with
Reynold’s number.) Only transport parallel to the fluid
velocity ia predicted. The effect of & sloping bed is ;,
aexcluded. Aa already described in detail, his supporting
laboratory date are suspect because egquilibrium conditions
f? were not attained. $
Hellermejex ¢(1982)
Hallermeier used Sleath’s transport equation (2.38)
i and calibreted it with more than 700 transport messurements f
from 20 different scurces in the literature. However, all
of these data were froam laboratory experiments, many under o
'ﬁ conditiona like those of Slaeaath (1978), in which transport :
: waes held at artificielly low unequilibreted levels. Ve can
thua expect Hallermeier’s tranaport equation to yield very oot
low valuesa when used in field aitustions. g
Bafore Hallermeier applied Sleath’s equation
;E (2.38), he made two aignificant changesa in it. He removed O
) the concept of a threahold velocity necesaary for ;f
initietion of motion. Furthermore, he removed Sleeth’a '
coafficient £1, which contained both a friction coefficient E'
cg end an eampiricel expression for e lift coefficient. b
Thus empirical variation in drag and lift forces were
reaoved froa Sleeth’s equation. Hellermeier’s model
containe no undetermined coefficient. He obtained & simple v

nusericeal ccefficient which is the average vealue for all)

l‘._,
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the data he examined. In the units we have been using,
Heallermeier’s (1982) transport equation becomes:

1 = £8/3033/2 (2 D/dn) ut
(vg D)O.S (2.39

When we apply (2.39) we must multiply the computed
transport by the sign of the fluid velocity at sach time
step, in order to obtain the correct tranaport direction.
This procedure will be applied to all models which contain
an even power of the fluid velocity.

Since Hallermeier used Sleath’s model, the sanme
limitetions that were listed for Sleath’s model apply to
Equation (2.39): unrealiatically low tranaport, excluaion
of viacoua effecta, no provision for a aloping bed, and
transport allowed in only one direction (parsllel to the
fluid flow). Since, Hallermeier has alao removed Sleath’s
expression for lift force variations, the difference in
performance between these two models will inform us how

successfully Sleath modeled 1lift variation.

2.3.3 uS augel:
¢ )
Hanes and Bowen developed a bedload tranaport model
from basic principals of physics in which the details of
grein-to-grain interaction within the densely packed bed
ware considered. Maeny of the asaumptiona and firat
principles used in the model development were obtained from

Bagnold’a (1954) experiments which measured ahesr and
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strain in a rotating drum. Hanes and Bowen applied
Bagnold’a (1954) empiricelly derived relstionahip between
grain shear and atrxeas to a flet bed subject to an intense
ateady shear. In contraat to the data and assumptiona of
Sleath (1978) and Hallermeier (1982) which indicate
tranapart ordera of magnitude amaller than ocur field
experimenta, the conditions described by Hanes and Bowen
indicaete treansport about two orders of magnitude larger
than that of our experiments.

Hanea and Bowen derive relations for both velocity
and thickneasa of transport from Bagnold’s strain/shear
equation. They obtain an expression which has several
undetermined coefficients and alsc contains the Shields’
number to the five-halves power, 65/2 (their equation 18).
We know that bedload conaists of both grain-to-grain
interactiona in a denaaly packaed granular-fluid and also
asaltetion, graina moving asa projectiles in a jumping
motion. Thua Henea and Bowen also derived a relation for

bedload trensport as saltetion (their equation 31). Agein

they obtain an expression with several undetermined

coefficienta. The dependence on Shields’ number is in this
case nuch more complicated, asince it appears in several
locationa in the relation. Under certain sasumptionsa
regarding the coefficients in the equation, the Shields’
number dependence can again be approximated as the

five-halves power.
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The variation of coefficients in the transport
equations waa left for future investigators to determine
with rigorous experimenta. In order to provide a tranaport
relation which could be tested now, Hanes and Bowen made
many assumptions regerding the coefficients in their

aequationa and determined that the saum of their

e
e

' e e .

PN Y

granular-fluid and saltation equationa could be

-

i
v
.
3

)

‘»?
Y.
&

e
‘-

£y

approximated aa:
4 = 3,85 85/2 (2.40)

The resulting trenaport relation in dimensional variables

becomesa

1= 3.9 o2 ge5/2 WS

Ya D (2.41)

[ N

In adapting (2.41) to oscillatory flow, the
linitationa can be examined by comparison with the
dimensional analysis of the necessary variables in Section
2.2, Equation (2.,41) omits viscosity, wave orbital
’ diamater, and the ratioc of sediment and fluid denaitiesa.

‘ Thua it ahould not be expected to perform well for very
small grain sizes (viscous flow), variable wave periods,
and for materiels of greatly different densities. The

nodel was not developed for oscillatory flowa. Beach slope

is not expresaly included, although itas effect may appear
in the varioua coefficients which have been eliminated in e

the simplified versiona here. N
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2.3.4_uS models
M (1976)
Madsen end Grant began their model derivation with
an empiricel expression obtained by Brown (1949) in a
series of ateady-flow laboratory sediment-trep experiments.
Brown’s empirical relation is:

i/¢vg D W) = 40 ©’3 (2.42)
in which the Shields’ number uses a steady fluid velocity,
u, and the sediment fall velocity appears as W. In order
to adaept (2.42) to ocscillatory flow, Madaen and Grant
asauned the fluid velocity to be ainusoidal and averaged
(2.42) over a half sine wave. Thus their shear stress
v could not have the usual u? dependence as in the models of
Bagnold (1963), Bailard and Inman (1981), and Kobayashi
(1982). Their modified shear stress was:

T = pcg lul u (2.43)

where lul is the absolute value of u. This expression was
necessary bacause a sine wave is aymmetric and thus yields
zero net tranaport. Madsen and Grant’s treansport relstion
derivad from thia half aine-wvave assumption ia:
1/(vg D W) = Cy O3 (2.449)
. They include Cy, a coefficient which includes the effecta
| of threshold atresa, end a friction fector in the Shields’
number (0 = c£9’). Madsen and Grant chose not to include
threahold atress in the way done in moat models (by

replacing O with 6-6¢). Thay include its effect in an
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l empirical coefficient for which they provide a table from v
laboratory data. For flows as intense as in the aurf zone,

| Cq is constant at 12.5. However, for ocur sxperiments e
? .

ocutside the surf zone it cannot be assumed constant. Ve gﬁ{
N

now translate (2.44) into dimensional varisbles: i
L s __2Cuced g5/2 b (2.4%) R
(vg D)3/2 (3 ¢p)0.5 fm%

In order to obtain (2.45) an expressicn for the fall gﬁﬁ
velocity W had to be included as: gﬁx
W= (4 o0 vg D/(3 ep)10.5 (2.46) %fﬁ

Since (2.43) contains u to an even power, we must make the ;é;
aama modification that wve made with the Meyer-Pater and Zﬁ*
Nueller model and the Hallermeier model: the transport %@f
evaluated at each time atep in the integration must be &ﬂ
aultiplied by the aign of the velocity, soc that the correct -fﬁ
N

direction is predicted. j%?
The limitstions on Equeation (2.435) mey be examined !f?

by comparison with the complete seat of variables obtained ;&g
in the disenaionsl esnalysis of Section 2.2. Equetion E¥i
(2.45) omites viscosity, weve orbital dismeter, and the '$¢
ratio of sediment and flu.d densities. Thus it should not 33?
be expected to perform well for very small grein sizes ;;W
v

(viscoua flow), varieble wave periods, and for materials of Ef
greatly different densitiea. The modal does not include RN
beach alope explicitly, slthough it mey be inciuded 1in ‘C‘é L
reletion to the other veriesbles present. Finelly, keep in }&k
aind thet the model waa derived froa the asisple concept of :f:
2
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a half sine wave, whereas transport over an entire sine N

wave ia zero.

» kawa (1980) "

Shibayana and Horikawa used Brown’s (1949)

t tranaport reletion (Equation 2.42) and followed Madaen and k;
: o
¥ Grant’s procedure and assumptiona for shear stress and ¥,

tranaport over a half saine wave. The only difference in

ii their model from the Madasen and Grant model comes from the Qé
% sssumption thet once a send grein moves, it will continue ﬁ%
] to do ao until the flow reverses direction, regardless of A
& the flow velocity. Thus they obtain a different numerical :%
% coefficient for their model. The variable threshold ig
$

coefficient Cy in Equetions (2.44) and (2.45) becomnes a <

‘ aimple conatent. Tha dimenaionlesa snd dimensional analogs gﬁ
of the Nedsen and Grent model are thus: gf

1/¢va D W) = 19 @3 (2.47> ‘

4 1 = 38 ge3 572  ub (2.48) ::I
» (vg DY3/2 (3¢p)0-S X

The seme limitationa thet applied to the Madsen and
' Grant model also apply to (2.47) and (2.48) with the
sedditionel restriction that no yield criterion ia applied.
Equation (2.48) omits viscoaity, wave orbital diameter, the
) retio of sediment and fluid densities, and beech slope. It
was derived from the simple concept of transport over a

helf sine weave. Finally, since it contains an even power

: of the fluid velocity, the transport musat be multiplied by

't
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the sign of the fluid velocity for each time step of

integraetion.

)

In addition to the models we have already examined
in which the tranaport is proportional to some power of the
fluid velocity, it is ealao possible tc model transport as a
variable power of fluid velocity, i e« uf, in which n is
itself a specified function of transport. The relation
between i and u cean be determined empirically, and the
functional relation can be expressed graphically. This was
the approach taken by Einatein (1950) in the development of
a ateady unidirectional trsnaport model. Einstein’s model
was leater adapted to ocscillatory flow by Kalkanis (1964),
Abou-Seida (196%5), Einstein (1972), and Ackers and White
(1973). The disadvantage of using such models is that the
baaic phyaica remaina obacure. The transport relation is
totally ampiricel. Nevertheless, such graphical
aexpreasiona for transport can be applied in practice. In
fact, Einstein’a (1950) model is probably the moat popular
transport model for steady-flow conditions used in this
country. We will test such models in order to examine the
validity of the basic postulate that the power n increases
as transport intensity increases.

The model of Ackera and White (1973) will not be

tested here, since it adda little in the way of new phyaica
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; to Einatein’s (1950) model. Ackers end White used both
laboretory end field messuresents of trensport to develop
empiricel curves much like Einstein’s, releting trensport
and fluid velocity. The nusericel velues obteined fros

: Ackers and White’s curves esre different then those of

4, Einatein’a, but the basic trend remeine: the power n

" increases with transport intensity. Ackers end Vhite did
include viacoaity, which wea ignored by Einstein, but such
1 a change should only be noticeeble for very ssall grein

) sizes.

Y Einstein’s unidirectional-flow model (195Q)
! Einstein began his theoreticsl developaent with the
by description of saltstion, projectile motion of individuasl

graina. He ignored the intense trenaport which occurs

)
.

beneath saltastion, the grain-to-grein interection of e

LT e
~ -

densely packed grenular-fluid. Thus he ignores & learge

ol portion of real bedloaed, just as wes done in the

X developnent of Yalin’s (1963) model, deacribed esrlier. By
conaidering the forcea acting on a single sand grein,

iy Einatein eventually developa a very cosmpliceted integrei

Wy expreasion contsining seven undeteramined peremeters, which ¢
he is uneble to evealuate. Nevertheless, the expression

s does contein Shields’ nuamber to the three-halvese power,

0 suggeating transport may be proportional to the third power

of the fluid velocity. Einstein’s relstion for

't Py W 1Y » » .
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nondisensional trensport (Yalin, 1972, Chapter 5.3) may be b
enpreased aa:

® = A 032 sw (1/0v2e) axpl(-r2/2¢2) dr %
.-1 (2.‘9) ut.’
[}

in which A conteins five unknown coefficienta, and a and »
ere unknown. Since the seven undetermined psrsmeters eare
unknown, end the integraetion cennot be performed, it is
uncleer whet sort of dependence there is between fluid
velocity end trensport. Even though Shields’ nusber
eppears to the three-haslves power, there may be edditionsl v
functional dependence on Shielde’ nuaber in the reseinder '
of the expression. The only precticel informetion that
Einetein could obtein fros (2.49) wvea the fect that
trengport wes in aose wey dependent on Shielda’ number: v

¢ s £(O) (2.%0) ““
Thus he proceeded to gether field dets for steedy flow end
produced espiricel curvee relating ¢ end @ . The slope of f
Einetein’s curvee show thet the eppropriste power of
Shields’ nuaber veries froms one et low intensity to three
for 1ntense crenspore. (Thus the power of the fluid X
velocity veries froe two to aix.)

vhen using Kinstein’'s curves, seversl lisitaetions

need to be kept In mind. He developed his theory by
conaidering only the asitetion portion of bhedloed. Soth
hie theory end hia eepiricel curvea wvere developed oniy for "

eteesdy unidirectionel flow. Furthersore, the onijy

veariebies desaides ve.ocCcity thet he texes 1Nto account ere W




vg and D (in # and Shields’ number. Variations in density

and viacosity ere ignored.

Wa will teat Einatein’a (1950) empirical curvea of
relation (2.50) in order to examina hia basic postulate
that the power of u (to which tranaport ia proportional)
increeses as the transport intensity increases. In fact,
Bagnold (1986) provides some field verification of this
postulate with unidirectional (river) data. We do not
snticipsete that the transport numbers we obtain from
Einstein’s (19%0) model will even be the correct order of
megnitude, aince we will be applying his steady-flow curves
to our oscill :tory transport deta. But the magnitude of
the transport nusbers will not be important. The variance
of the tranaports coaputed from Einatein’s curves will

infors us aa to the validity of his besaic postulate.

Einatein’'s oacillatocy-£low aodel (1972)

The cacilletory model of Einstein wes developed
froa Einatein’s original (1930) concept for steady flow by
perforaing lasborstory experisents in oscillatory flow.
Xalkenis (1964) end Abou-Seide (1963) performed a series of
experisents over en ocecilleting plete of send. Trenaport
wes Beasured as it fall off the ends of the plate.

In their experinments it wes only possidble to
exenine trensport occurring under e velocity field of a

single frequency, rether then & mixed apectrum of flow as

v
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in field conditions. Several of the theoretical procedures
necessary in the application of the model require that
waves of only one frequancy be present. Einatein (1972)
derivea expressions for the velocity field within the
boundary layer which raquire that the measured velocity
outaide the boundary layer and the wave phase both agree on
the aign of the velocity at all timea. In a aixed spectruas
of wavea thia will not happen, eaven if ell energy ia
collapaed into a aingle frequency. Tha resulting imaginary
boundary-layer velocities make his model impossible to
apply outaide the laboraeatory.

The procedure for determining tranaport
(Abou-Saida, 19635; Einatein, 1972) may be summerized as
followa. The fluid velocity amplitude was determined using
linear theory and the oscillating plate’s period and
anplituda. Then the fluid velocity within the turbulent
boundary layer wea computed at the distence 0.3%3 D froa the
bad uaing a very cospliceted expression for boundary-layer
variation of velocity. Thias expression far the vertical
verietion of the horizontsl velocity wes an empiricel
adaptation of leaainer boundery-layer theory in an ettempt
to sisulate & turbulent boundery leyer. Using the velocity
from this expression, & Shielda’ nuaber is computed. Then
e “hiding fesctor'" representing the effect of small greins
*hiding"” between the larger sand greins is computed uaing

another empiricel relation deacribing boundary-lesyer



67 =4

behavior. The product of the Shields’ number and the

hiding fector then becomes yet another kind of Shields’

number. The empirical curves obtsined from the experiments

of Kalkenia (1964) end Abou-Seida (1963) are then used to

tranalete this Shielda’ numbar into a dimensionless

transport. The number of essaumptions made concerning the <y

boundary layer makes the velidity of Einstein’s (1972) o

procedure quite dubious. 3
It ia impossaible to apply this procedure to & mixed

apectrus of wavea, even if collapsed into a single

frequency. The model can only be applied in controlled

laboratory conditiona with a asingle frequency. Such "

laboraetory experiments ere currently underwvey (King and V)

Seymour, 1984), in which the Einstein ocscillatory flow

model is one which will be teasted. However, the baaic

postulaete which mekes Einstein’s models unigue (s variable

exponent of u in the transport relation) is common to both

Einstein’as unidirectional and ocscilletory models. In i

tesating his unidirectional model we will be able to examine

this beaic poatulate.
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3. BEXPERINENT :

Experinents with dyed sand es s tracer have been
parformed for aore than 30 yesrs. They quickly progressed
froa use eas & visual estiamstor of trenasport thickness
(King, 1951) to s full-fledged tracer experiment with
eatinates of trenaport velocities, thicknesa, and recovery
(Inmen and Chaaberlaein, 1999). A partiesl history of field
trecer experiments and the chaearecteristica of each tis
included here as Teble 3-1. HNoat trecer experisentse have
been atteapts to messure the total longshore tranaport in
the surf zone, i.e., large-scele “globel” (surf-zone scele)
experisenta. The liat of global experimenta in Teble 3-1}
ia not complete, but some global experiments end their
cheracteristics ars listed for purposes of comperison. The
type of experiment in which tracer is uaed to meeaure
treansport at esasentially one point will be referred to as
“point" experimentsa. All of the point experisenta thet we
ere awere of ere liasted in Table 3-1.

The experisents performed in this study aeare unigue
in thet they use eslectromagnetic current meters to

accurately messure the currenta. The only other point

experimnent listed in the table in which auch sensors were
used was that of Miller and Komer (1969). However, they
computed only sand diffuaion eatimates. For unknown
ressons they did not report transport thickness, velocity,

or traeacer :ecovery.
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Table 3-1. Cheracteristics of previocua tracer experiaents
FORCING XPERINENT||CONPUTATION [FESTING
LOCATION
[ ]
$ 3 ]
' -
) i s
@
5 ’j ! iRk
33 3 =
: o |9
: g A
-y -y
aRE il g |3
: o o ] <
IR A ERE
I e b - i - - 1
ol | p i 9
- % $ 8|Sl & |¢
EERH R ERLREIE R
S12 181 |8 (& & |< |&]a] a |a
King, 1951 X X ¢
Insan end |
Cheaberlein, 1939 || X X{ x| x x| X
Russell, 1960 and "
Rance, 1963 X X .
Ingle, 1966 X X x| x| x "
Crickaore, 1967
(atreem tranaport) X X| X| % I X o
Murrey, 1967 X{ x| x| x N
Komar, 1969 b 4 X X X x| 2} X
Geughan, 1976 X x| x
Miller end Komar, ‘$T
1969 X X X| x| X X "t
White, 1947 p 4 X X| x| x X| X| X Wi X .
W: working on this now %
X‘’a indicete characteristics of a particuler experiment. ”
Some surf-zone-wide experimenta are not included.
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Tracer experiments may be used to determine both
totsal trenaport (advection or net velocity) end diffuaion.
The focua of our study is on total trensport, but we plan
to coapute diffusion retes end test advection-diffusion
models with both our date and that of Inman and Chemberlain
(1999). Pizzuto (1987) developed a theoreticel diffusion
model, which waes tested uasing the field date of Inman and

Chemberlein (19%9) end some leboratory diffusion data.

dad  Sitea

Seversal criteris were uaed in sealecting experiment
sitea. Foremost was the requirement of sufficiently high
wavea to induce cerpet-flow tranaport outaide of the
breakara. Any significant topogrephical verietions must
occur on larger spatisl sceles than the size of the
sampling grid (6 m longshore by 8 m crosshore). The sand
composition would need to be compatible with the sand
{ dyeing techniquea used. Shell fregmenta and dark heavy
minerals did not dye as well as quartz, so the sand had to
be principally quartz. The techniques used to count the
dyed sand grains in the samples necessitated that the
grainsa not be extremely fine. The counting procedures were
much less relisble for grein sizes less than 75 microns.
Finelly, power accessa, data recording feacilitiea, and

accasa for acube divera wvere conaiderationa.
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Severeal experiments were performed in 1980 in
conjunction with wvave-ashosling axperisenta for enother
atudy (Freilich, 1982). Both crossahore and longshore lines
of electroasgnetic current meters and pressure senaors wvaearae
eaatablished at Torrey Pines beech for the weve-shoaling
atudy. The croasshore line of inatrumentas extended from 3
neters depth to 14 meters. Our send-trecer experiments
were performed near a current-meter station at 4.5 meters
depth. For a complete listing of instrumenta, refer to
Freilich’s (1962) figure 2, in which our experiments
occurred near C3.

Torrey Pines is & long atreaight beach with plane
parallel contours about 35 ka north of Scripps Institution
of Oceanography (Figure 3-1)., Offshore of the breakeras the
beach alope is about 1.5 degreea. Fathometer profilea of -
tha offshore topography and rod-end-level profiles of the
beach topogreaphy are drawn in Figure (3-2). Beach profiles
were obtained with reference rods on frequent occasions
between the fathometer profiles in Figure (3-2). All of
the Torrey Pinea sand-tracer experiments were performed
near one fixed current meter, indicatad on the fathomater
profile. The maedian sand size at that location is about
200 microns. Shell content of the sand is nil, and dark
heavy minerals compose about 10% of the sand. This site
wasa chosen principally beceauase data from the neceasary

currant meters and presasure sensora were already being
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(a) TORREY PINES ONSHORE
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Figure 3-2. Beach profilea at Torrey Pinea. The onahore >
portion of the profile was meassured with rod-and-level. ;
The offshore portion where the experiments took place was ﬁ

obtained with fathometer. (a) 20:1 vertical exaggeration

(b) 30:1 vertical exaggeration v

(W

W
QO

0% %
i:q\ ":".‘t

Froi At Y,
g et
RN

e

S N I S RN TR S KO A A e S Sy DGO, LR NI )
R R P e e N R S R s, ™ '
250 ] (R AT R M e

\)

L



collected there for snother experiment. Sinc2 the

inatruneats vere alreedy in plece, i1t was decided to
atteapt the send-trecer experisents, even though some of
the technigques had not yet been perfected.

Over the next couple years following the 1980
experinsentas et Torrey Pinea, date were anelyzed, and
experisental techniques were improved. It weas also decided
to atteapt experiments at snother site i1n order to improve
the generelity of the datas. All of the Torrey Pines
expearisents were performed under conditions in which the
beach profile eappeared to be in equilibriua. That ia, the
mean currents and the net sand transport were quite ssall
in the croashore. In order to obtein dets for different
weave conditions end hopefully to meesure significant net
transport, more experiments were performed near the Scraipps
Inatitution of Oceenography (SI0) pier in 1984 (Figure
3-1).

Tha 1984 axperisenta were perforsed eapproximstely
100 meters from the pier. The experiments could not be
located further from the pier because of the need to
provide acceas by power and data cables to the instruments.
Experimentation clcse to the pier wea avoided, since bed
featurea of long wavelengths occaesionally occur in the wave
shadow of the pier pilings (Inman, 1957). Not only were
our experiments always performed well away from such

topographicael veriations, but it waa decided to experiment
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on the side of the pier facing the oncoming wavea. Both of
these criterie of diatence from the pier and choice of pier
side inaured avoidance of the pier-induced bed featurea.
The topography for both the north and south sides of the
pier is detailed in Figure (3-3). Additional reference-rod
profiles were also cobtained at the time of the experiments,
and bottom slopes were calculated from them. The
inatruments used at the SI0O site were mobile, as opposed to
the fixed sensors at Torrey Pinesa, so the choice of both
longahore and crosshore locations was made for each
experiment, depending on wave conditiona. The croashore
location of each experiment ia listed aeparately in Figure
(3-3). The beach alope at the experiment asites was about
the sane aa the Torrey Pinea exparimenta, about 1.5
degreea. Like Torrey Pinea, the ahell and heavy mineral
content of the sand ia amall. However, at SIO the median
grain size is amaller, about 180 microns. The specific
aand and beach conditiona for each experiment will be

describad in more detail in Section S.l.

3.2 Instruments
3.2.1 Fluid measurement

Pressure sensors {(atrain-gauge type, Stathem mode:
PA 3506-33) and electromagnetic current meters were used .n

all experimenta. Other experimenta have cemonatraeted thaet

the pressure signal is quite linear eand not subrect o
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Figure 3-3, Beach profiles at Scripps Institution of

Oceanography. Profiling and experiments took place about
100 meters north or south of the piear. Profiles are
matched combinations of rod-and-level and fathometer

profiling. Vertical exaggeration is 25:1.
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drift with time. The pressure sensors were calibrated both
before and after each year’s experiments. Both gain and
offaet changed leaa than 3X%.

Although data froms pressure sensors can be used to
compute fluid velocity with linear wave theory, such
computationa aere not accurate enough for our requirements.
Guza and Thornton (1980) found less than 20% error in
preasure/vealocity conversiona for the depths in our
experimenta, but the bedlocad mocdelsa we are teating require
better accurecy. Furthermore, pressure sensors will not
neasure steady currents. The current meters
(Marah-McBirney #3512 dual-axias spherical probes) were
calibrated at the beginning and end of each year’s
experiments by towing them in s laboratory channel. The
gaina changed by leas than 1%, and the offseta by leaa than
1 cm/a, excapt for one used only in the 30 October 1984
axperiment which had an offaet change of 3 cm/a. Thia is e
certainly not behavior that can be generally expected with
auch inatruaanta. C.librotion- in other axparimentsa have
baen found to change conaidarably more than thisa. The
reason that thias did not occur here waa that we required ao
few sensors, one or two current meters. Thus we could test
many current metaears and select the few that had the least r-
noisy aignal, typically the newveat aensora. 1&ﬁ

There have been suggestiona that there are

fundamental flaws in the design of electromagnetic current w
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meters which prevent them from messuring velocity
accurately vhen high levels of turbulence are present, or
when significant levels of both steady and cscillatory
flowa are present (Aubrey and Trowbridge, 1985). However,
when such sensors have been compared with other current
netara of fundamentally different design (open-frame
deaign), the excellent comparison of velocities suggests
that there is no significant error due to design (Guza et
al, 1986).

The senasors vere deployed differently in the Torrey
Pinas and SI0O experimenta. At Torrey Pinea, each
inatrument was loceted on & fined pipe. There was one
currant meter aeven metera longshore of the sand asampling
grid. There were two pressure sensors located about 20
meters onshorae and offshore of the current meter and sand
sampling grid. Wave eslevation spectra and mean depths were
computed by linear interpcolation between the two pressure
aenaora. Since only one current mater was used in the
Torrey Pinea experiments and its signal was noisier than
the current meters used in the SI0 experiments, we would
sxpect less accuracy for the Torrey Pinea fluid velocity
neasurenents. Nevertheless, we will see that the senaor’a
naasurenant of very amall croaahore mean velocitiea

(genarally lesa than 1 cm/a) agreed with the asnd tranaport

neasurenants of very small net crosshore tranaport. That




is, both the fluid and sediment measurements suggest

neaar-equilibrium beach conditiona.

A movable diver-deployed triangular freme (Figure

3-4) waa used for sensor deployment in the 1984 experiments

at SIO. As at Torrey Pines, the fluid velocity and

sediment transport measurements were asde at the sane

crosshore location. At Torrey Pines measurements were made

at fixed locstions, wvhereas at SIO both fluid and sediment

aempling locationa differed from day-to-day. At SIO the

three legs of the sensor frame were screwed into the sand,

and cablea for data and power trailed off one of the legs

back to the pier. The cebles quickly scoured into the

bottom. Sand sampling waa alwvaya done on the side of the

inatrument frame away from the pier, in order to avoid any

interfarence from the ceblea. One pressure seansor was

deployed at the center of the frame, 22 cm sbove the sand

bed.

Comparisons of measurements from two current meters

(Figure 3-4) provided an eatimate of the error in both the

fluctuating and mean componants of velocity. The current

naters ware far anocugh apart (1.2 a) to avoid

electromagnetic interference. Experiments in the

laboratory showed significant interference in the signals

at SO cm sepsration, barely noticeable noise at 75 cm, and

no observerable interferaeance at 100 cm separation.
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Figure 3-4. Frame and instruments used at the Scripps
Inatitution of Oceanogrephy experiments. Two current
meters were mounted 1.2 meters apart and at the sanme

haight, aslong with one pressure sensor.
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a1

2a2.2 Send 1. .ing

Nuaerous studies have been performed with sand
tracer in many countries. Soon sfter World Wer II there
wea interest in uaing irredisted send trecers. Ssmall
quantities of quartz sand could be irradisted in nuclear
reactors, injected into a sand bed, end then sampled in
order to monitor tha motion of the trecer centroid. Inamen
and Chemberlain (1939) used this technigque succesafully in
an experiment aimilar to the ones we parformed and at the
same location near the SIO pier. However, more recent
excessively stringent environmental policies have
affectively prevented scientists from using raediocactive
sand tracers in this country. Long et al (1978) eatimate
exposure to someone awimming directly over the injection
aite for one hour or from ingeation of one irradiated grain

K to be sbout 2.5 millirems, an amcunt comparsble to the

| exposure from a luminiscent watch over a year. The total
average public exposure to all acurces is about 200 mrem
annually.

2 Bacauae of environaentsl policiea, atudies
performad by thia leboratory aftar the 1950’a uaed sand
tagged with fluorescent dye by an outside company.
Although the sand dyed by this company had good reaiatance
to abrasion and vieibility, it did have a few drawbacks.
The formula was kept secret. Often the size diatribution

of the dyed sand varied somewhet from that originally T
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shipped. Finally, the entire process could take several

days. Thus sand could not be obtained, dyed, and then

reinjected

into the ocean before size cheracteristics had

changed. Therefore we decided to develop sand-dyeing

techniques.

A good dyeing technique for send should have

several characteristics:

1.

2.

6.

7.

a.

Ve

simple and low-cost formulas,

the drying rate should be faat enough to allow
rapid reintroduction into the ocean,

grain coatings should bea of minimal thickneaa,

a wide selection of colors sllowa duplication of
data or testing in the same aresa to be repeated,
colors should be both daylight visible and
fluoresce under ultreviolet light for counting,
aclubility in salt weter should be low,

the dye should not abrede esasily, and

the drying procesa should not cause the sand
grains to clump together.

tried several of the organic dyes and coating

polymers suggested by Teleki (1966) but found them all to

suffer from abrasion end solubility in water. The organic

dyes did not bind waell enocugh to tha sand to atay on when

expoaed to

surf zone abraaion or extended expoaure to selt

vater. Yasao (1966) performed laboratory teata on many

different types of dyes, including some of Teleki’s. The
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dyeing technique which we found worked best was one of
thosa taated by Yasso. Three parts Day-Glo Acrylic Laecquer
202 Line (Switzer Broa., Inc.) are mixed with two parts
Tolueane solvent, combined with the sand, and then dried.
The formulation is simple and relatively low cost. Yasso
reported the drying time to be 11 minutes, but we found
that complete drying took about 90 minutes. Yasso reported
the coating thickness to be 38 microns, but varisble,
depending on technigquea uased. We found an average
thicknesas of 3 microns. Ten Day-Glo colors are available,
the largest selection either Yasso or we have found. Ve
used both the "Rocket Red” and "Lightning Yellow," which
were on either aide in the light spectrum from the most
viaible color, orange. UWa uasad two colora aimulteanecusly
in order to duplicate all ocur deta end provide error bars
on our measurementa. The dye is deylight visible and
fluoresces under ultraviclet light. Yaaso characterizes
its viaibility as "excellent” on a scele from "poor” to
“excellent." We noticed no solubility in salt water, even
after days of exposure. Yasso measured the abrassion
percentage loaa aa 0.1350% after rotaetion at 120 rpm for 18
houra. Finally, Yesso observed moderate clumping tendency
of the drying grains, but he did not tumble the grains
while they were drying as we did.

We dyed the sand in fine-weave cloth baga which

were then immersed in the lacquer-aolvent aocolution. After
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atirring and prodding the bag for several minutes to insure

complete coating, we dried the sand in a clothes dryer with :

nodersate heat. The heat helped to bind the dye to the
graina, and the tuasbling prevented clumping of dyed graina.
Dyed aand was ready to be used the day after the original

aand wasa collected.

3.2.3 Send injection

In previous tracer experiments (Komar and Inman,
1970; Inman et al, 1980; Kraus et al, 1982; White and
Inman, 1987b) dyed sand was injected into the sand bed by
avwiamera opening a plaatic bag of sand onto the bad. With
such s technique, some of the dyed sand may be scattered
throughout the water column but presumably falls gquickly
back to the bed. In the surf zone-wide experiments listed
above, thia procaeadure may have been acceptable, aince
plunging braeskera can often atir up the dyed sand off the
bad, just aa occura when injecting the send with awimmera.
But for our expeariments ocutaide the aurf zone wa uaed a

more controlled means of sand injection.

A series of three sand-injection devices were built i

(Figure 3-5). The firat was a aimple metal cylinder with
slots in the top for insertion of the diver’s hands. A
plaatic bag of dyad aand waa held in the device which waa
placed on the sand bed. The diver then opened the bag

inside the cylinder. After waiting a minute to let the
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Figure 3-5. Sand injection davicea used in tracer
experiments. (a) The model used at Torrey Pines with upper
cylinder height = 16cm, dismeter = 1l4cm; lower cylinder
height = 20cm, diameter = 53cm. (b) The larger model used
at SI0O with upper cylinder height = 36cm, diameter = 25cnm;

lover cylinder height = S50cm, diameter = 70ca.
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sand settle to the bed, the device and empty bag were
removad. Howaver, there waas satill aome dyed sand which
escaped through the hand slota.

Further designs consisted of two cylinders, a
smaller one on top the other (Figure 3-5). At SIO a larger
model ("b" in Figure 3-5) waa uaed to decraease the tracer
thicknesa. The wetted dyed sand was emptied into the top
cylinder before entering the ocean. The top cylinder is
closed on both enda. The device is then placed on the
ocean bad, a lever ia pulled, and a trap door in the bottom
of the upper cylinder opena, releaaing tha dyed sand into
the lowar cylinder. Computation of fall velocities
indicaeate that all the sand-sized graina will fall to the
bed within one-half minute. The result is a S5-10 kg

cylinder of dyed sand on the bed, about 0.5-1.0 cm in

K

T,
=

thickness. This was the thickness obtained in the third

1L, s
i)

devics shown in Figure (3-5). It was built to reduce the
2-3 em thickneases obtained in the aecond device (used in
the Torrey Pines experimenta). After waiting the half
minute, the injection device is removed. This is not long
enocugh for the injection device to cause ascouring in the
bad. Earlier triala indicated that three minutes are

neadad for scouring. -
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The aand bed waa sampled with diver-held coring
devices (Figure 3-6) described in detail by Zampol and
Waldorf (1987). The davice conaiata of a long metal tube
with a handle and valve at one end and a seat for a plaatic
corae tube at the other end. The diver opena the valve at
the top before sampling. Thia provides an open column
throughout the length of the device, in order to relieve
pressure caused by sand entering the core tube at the
bottom. The diver presses the tube into the bed by pushing
on the handle at the other end. Once the tube has been
pressed into the bed several centimeters, the valve is
clcaed, cauaing the conatant presaure within the device to
hold the aand in the tube. The device ia then pulled from
the bed, and the bottom of the tube ia capped. The aand
core obtained ia 4 cm in diemeter and S to 15 cm in length,

depending on how far into the bed it was pushed.

3. xperimental methoda

On each potential experiment day wave conditiona
wvere aexamined to determine whether conditiona were optimuam
for a tracer experiment. The waves had to be asufficiently
high to induce carpet-flow motion of the sand outside the
bresakera, but not ao high as to make it impossible for
acuba divera to work. Alao good underwvater viaibility waa

necesasary. Part of the experiment conaiated of taking
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Figure 3-6. The sand bed coring device used in all

axperimants (from Zampol and Waldorf, 1987).
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undervater photographa of the tracer on the sand bed, in
order to have a& check on the core-semple measurements of
tranaport vdlocity. If the conditiona of carpet-flow
outaide the breskers and good viasibility were met, an
experiment was attempted.

Experiments consisted of messuresents of fluid
quantities (pressure and velocity) and sediment quentities
(valocity, trenaport thickneaa, grein aize, and beach
alope). At Torrey Pinea the fluid presaure and velocitiea
ware neasured from fixed inatrusents as described in
Section 3.2.1. Several meters longshore of the current
neter, metal pipes had been set in the sand. There were
five pairs of pipes with ropes, establishing five crosshore
lines. Flags attachad to the ropes at half-meter intervals
provided a sampling grid of known horizontal coordinates.

In the 1984 experiments at SIO the preasure sensor
and two current meters were placed on & mobile metal frame
(Figure 3-4) which was anchored in the send bed. The grid
for core esampling waa eatablished by flaga attached to 1 aa
diameter matal roda inserted in the sand bed at meeaaured
half-nater intervels (Figure 3-7)., The matal roda wvere not
obaerved to cesuae any acour in the bed. The fluid sensora
and the core-sampling grid were et the aame crosshore
location.

In both the Torrey Pines and SI0 experiments the

sane segquence of events was followed. Sensors wvere
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Figure 3-7. Experimental layout for the SI0 experiments.

The instrument frame and sampling grid were alwvays

longshora of each othax.

to the piexr.
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connected, the grid of sampling locations was esatablished,
the sand-tracer injection device (Figure 3-5) wvaa loaded
with wettad dyed sand, and divers injected the tracer onto
tha bad. This injection wvaa parformed twice with different
colors, at 1.5 m offshore of the grid cente:r and at 1.5 =
onahore of the center. This provided essentially two
simultanecus tracer experiments. An experiment consisted
of two to five grids of core samples, providing four to ten
eatinatea of trenasport. (Two colors wvere used.)

Throughout each experiment, the motion of the top layer of
tracer could be seen. Before the next set of samples were
taken, the locations for sampling would often be changed
from the previous set, in order to monitor the tracer
motion aa coapletely as posaible. Thia ability to change
sample locations based on visual observation of the tracer

motion ia & major advantasge of our experiments over

exparinentas others have pearformed in the surf zone. It ia
not necesasry to guass where most of the tracer is.

The determination of both fluid and sediment ‘&

velocities required accurate knowledge of the compass !r
orientation of both current metera and the aand sampling

grid. Divers esteablished compaas orientastiona for both the

instrument frame and the rangelines of flags in the - g
sampling grid by sighting through an underwater compass

along the frame and the line of flaga. In the one

experiment in which the orientations of the fraeme and line x
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of flags differed by more than one degree, the
current-meter velocity records were later rotated to the
same orthogonal linea as the sand grid.

In the Torray Pines experimenta both the aenaor
orientationa and send-saeampling grid orientation were
rigidly aset bafore experiment. In both cases the
orientations wvere reacorded with an electronic compaas
(reeding to tanthas of a degree), which was rigidly attached
to instrument mounting pipes or sand grid pipes during
readings.

In conjunction with the tracer measurements, data
weare alao obtained on sedimant concentration No, sand size
distributions, net ercsion/accretion, and beach slope. In
order to measure both beach slope and erosion, Q grid of
2-mneter long brasa refereance rods was permanently
establiahed in the sand bed on three 100 m long crosshore
rengea. Fathometer surveys eatsblished .'L.--lino beach
profile. Then divers measure the distance between the top
of the rod and the sand bed to provide e record of the
level of sand accurate to 1 cma. Together with the
fathometer profiles, these measurements provide a history
of beech profiles at the site. Reference rods ware
measured during each experiment to provide slope and
ercsion estimates for each experiment. The beach slopes
used in the bedload models were determined by meesuring the

slopea on the reference-rod profiles for esach experiment
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over the region marked “trecer grid” and “sampling sites”
on Figures (3-2) and (3-3). Fortunately none of the
experinenta tocok place near a noticeable change in slope.

Interpoclations in time were made between profiles to

coincide with tracer eyperiments.

Individual depth measurements from a fathometer
record are very inaccurate. A study of fethometer and
reaference-rod methods by Inman and Ruanak (1956) showed
accurecy of corrected fathomater surveys wea 15 ca and

referance-rod accuracy was *1.5 cm. However, over regions

e
o T

of alowly varying beach slope, random (wave-induced) error

in fethomaeter records will average ocut over many sample
* pointa. Any offset error will effect depth amesasurements
but not slope estimates. Only gain errors in the
inatrusent and very long period (minutaea) wavelike motiona
will effect the accuracy of beach alope measuresenta.
These profiles are used to obtain estimates of beach slope,
e quantity which appesrs in three of the bedload models v
deacribed in Section 2.3. None of theae models ia very ‘
aanaitive to beach-alope srror. Senaitivity waa eatimated
for the 23 Junae 1980 expariment. by comaputing tranaport for
the measured beach slope of 1.66 degrees, 1.76 degrees (6% éf
slope error), and 2.16 degreea (30% alope error). The »
results indicate that error in computed tranaport ia

several times less than error in the beach slope. The o

(beach~-slope error)/(transport error) ratioc is about the
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samne for the two cases of 6% and 30% error in slope. The
ratio is 20:1 for the Bagnold (crosshore) model, 8:1 for
the Bailard snd Inman crosshore model, no transport error
in the Bailard and Inman longshore model since it has no
beach-slope dependence, and 6:1 for the Kobayashi crossahore
and longahore modela.

Quite independently of the fathometer profiles,
before-and~-after reference-rod meassurements also provide a
record of net erocsion or accretion during the tracer
expaeriment. During some of the experiments eroaion vaa
Aeaaured at ona end of the reference-rod grid and accretion
at the other end. Sand-level changes asuggesat trenaport
avay from arcaion sites and towvard accretion aitea. This
holda true 1f the divergence of longshore transport is
anall, which is the case if the aite is not neer large
topographical features such as headlands. This is another
chack on the tranaport directiona obtesined from the tracer &

experiaent.

3.4 Dsta reduction

The presaure and velocity mesauresents vere aaspled
at 16 Hz and recorded on analog tape. Occeaional sharp
apikea in tha data, which were clearly instrument-releted,
ware removed. Such apikea occurrad once every aevaearal
Ainutea in the current recordsa send even more rarely in the

preasaure racord,
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The following sediment veriasbles were measured:
at-rest sediment concentration, ssnd aize distribution of
both dyed and in-situ send, erocsion/eccretion, beach slope,
aand velocity, and tranaport thicknesa. Methods for ;
determining concentration, ercsion, and beach alope have
already been described. The sand aize distributions were
measured using standard sieving methods of dried sand. yf

The sand-transport velocity and thickness (needed
in Equation 2.,1) were obteained from the dyed-sand
concentrations in each of the core samples. Each sand core lf
was extruded using an extrusion device described in detail
by Zampol and Waeldorf (1987). During extruasion the device
remcovaed the outer 3 am annulua which contains dyed asend
puahad into thae bed during coring. The resulting core had
e 4.25 ca diemster. Verticsal thicknesses of each

horizontel alice were 0.25 ca for the top 4 ca of the core,

0.5 cm for 4-6 ca deep, and 1 ca for deeper slicea. Each
core slice was rinsed to remove salt, dried in an oven, and nﬂ
then spread on e counting grid. Under ultraviolet light, {H
the number of dyed grains of each color in each core slice
ware viasually counted and recorded, along with the total e
nesa. Thaease numbers yielded concentrations in numbers of :f
dyed grains per unit mess. This vertical distribution of -~ 4
: tracer was used in computing transport thickness, wheress ﬂg
: the total tracer in each core waa used in determining N

horizontal transport velocity.
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4. RESULTS

4.1 Vaves

The general vave and tidal conditiona dv "ing each
of the nine trensport experimenta are listed in Table 4-1.
Tidea during thia period were detarmined from a gauge in
continuoua operetion at the end of Scripps pier. The range
in Tabla 4-1 ia the total range of the tide during the
four-hour experiment. One concern about the tides was that
they would influence in some manner the direction of the
croashore sediment transport (cnshore or offshore), as
ahown by Inman and Rusnak (19%56). The experiments measured
offshore sediment trensport on two days (3 August 1984 and
29 Auguat 1984) and onahore in the other daysa. For the
experimenta recording offshore tranaport, the tide was
riaing in one case and falling in the other. For the nine
experinents listed in Teble 4-1 there appears to be no
correlation between tidael range or stage and the direction
of tranaport, Of course tidea must generally influence
transport. Otherwise such morphological features as
low-tide terraces and breaker bars would not be present.
Howaver, ocur experiments took place during a time period
(about four hours) somewhat shorter than a tidal cycle and
often on relatively flat portions of the tidal curve. Also
there appeaara to ba a seasocnal pivot point in the beach

profile juat offshore of the depths at which we worked.
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Table 4-1. Tides and waves ?
N
Date Tide Depth Peaak Uncorrected i
Range Stage h Period Wave Height
(cm) (cm) T Hp (cm)
() Sig. Mean ;.
23Jun80 61 R 230 7.7 70 44
11Aug80 352 FR 260 22.7 39 42
12Sep80O 21 RF 280 13.7 57 36 i
[ 29Sep80 a6 F 250 17.0 59 37 .
: 3Augs4 37 R 500 9.1 LY Sq o
10Aug84 24 F 310 10.0 67 42 )
29Aug8q 82 F 430 10.0 S4 34 )
2 26Sep84d 106 F 320 11.4 52 33 v
Z 300ct84 37 RF 430 6.7 47 29 J
K Date Surfece-Corrected Orbital Maximum .
o Wave Height Diameter Orbital
H (em) do Valocity .
B Sig. Mean (em) um s
o (cm/8) 'a
5 (EQ. 4.1) (Eg. 4,2) o
e &
T 23Jun80 91w 57+ 141 s8 o
‘ 11Aug8o 42 26 182 25 )
5 12Sep80  75= 47w 191 44 X
b 29Sep80 75 47 251 46 K
*t St
g 3Aug8a 113 71 139 48 &
10Aug8s a3 52 1495 46 I
: 29Aug84 69 43 101 32 .
4 26Sep84 72 15 141 39 ne
¥ 300ct84 61 38 s8 2?7 e
t #: Waveataffa used to obtain aurface wave heighta. .

Tidal Stage:

F=falling
Rsrising
FR=falling, then rising
RF=riaing, then falling
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Aubrey (1979) documented a pivot point at 6 m depth at
Torrey Pinea Besch where our 1980 experiments took place.
The date from the near-bottom pressure sensors and
surface-piercing wavestaffs were usaed to compute the
following paremeters: near-bottom pressure converted to
wave height (Hp), aurface-corrected wave heaight H, mean

depth h, peak spectral period T, near-bottom orbital

diameter do, and near-bottom maximum orbital velocity ujp.
0Of these quantitiesa the only onea which are uased in the
teated bedload models are orbital diameter [in the Sleath
(1978), Hallermeier (1980), and the dimensional-analysia
modelal) and maximum orbitsl velocity [(in one veraion of the
; Bagnold (1963) ocscillatory-flow modell. Both quantities

| are alesoc used in empirical correlations with trenaport
thickness (Section 4.4).

The peak spectral period was obtained from the
apectra of tha presaure sensor and wavestaff data (Appendix
4). The mean depth h=(p/eg)+z where p is the mean pressure
signal and 2z the sensor height above the bed. The
near-bottom wave height in units of cm (Hp) was not surface
correctaed. At SI1I0 the sensor wes at the expeariment aite,
whereasa at Torrey Pines some horizontal interpoletion
batwean aanaocrs wasa required. The significant Hp were
computed as four times the square root of the variance of
the preasure signal divided by the conversion factor pg.

The mean Hp 1a the significant Hp divided by 1.6. The

; GO
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upper cutoff frequency used in the summation of the
variance was 0.4 Hz, except for 29 September 1980 for which
the pressaure data from another investigator’s sensor wvere
usad. Thaea apectre froam that sensor had already been
computed with a cutoff frequency of 0.25 Hz.

Preasure signals measured near the bed are damped
as a function of frequency. The wave heights listed in the
lower half of Table 4-1 were obtained by first
surface-correcting the entirs presaure spectra with the
correction factor coah(k(z+h)]l/cosh (kh). The sanme
procedure that was used to obtain Hp was then applied to
the surface-corracted data to obtain Hgig = 4 ((pressure
variance)9:51/,.3. These wave heights vere then used to
eatimate orbital diameter and maximum orbital velocity near

the bed. The orbital diameter is:

do = _Haean
ainh (kh)

where k is the wave number of the spectral peak. The
maximum orbital velocity waa computed from:
um = wndg /7 T

is the peak apectral period.

The spectral peak remained the same after
surface-correcting for all experiments. In some of the
Torrey Pines experiments wavestaffs were located closer to
the experiment site than were pressure sensors. In these
cases (indicated with an aateriak in Table 4-1), the wave

heights were computed directly from the waveataff variance
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without surface-correcting, since wavestaffs sre already e

located at the surface.

Several different firat-order velocity momenta wvare
computed from the current meters and are listed in Table }f
4-2, The current meters at the same crosshore location aa A,
the tracer experiment were used to obtain moments
correaponding to the time p.riod covered by each tracer
sampling grid. For example, the four rows of moments for
the 23 June 1980 experiment were obtained by averaging the
current velocitiea over the time rangaes of tracer injection ,ﬁ
until the time of firast tracer sampling, then tracer X
injection until the second sampling, etc.

The totsl velocity was computed as urT=<(u2+v2)0.35>, Nt
The threshold vclgcity necessary to initiete sand motion ;g
waa computed from the methods of Dingler and Inman (1976) ,#
and Seymour (1985) described in Section 1.1. There was an ﬁ;
average 16% difference in the threshold velocity obtained hﬁ
from these two different methocds. When applied to bedload
equations, the resulting difference in transport was less w&
than 1% for the two different methods of computing yé
threshold velocity. Table 4-1 gives threshold values -
according to Inmen (1979), our Equetion (1.3). N

In addition to computing the orbital diameter d, A

and maximum orbital velocity up from the pressure deta in
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Table 4-2. Current Velocities
(Positive u is onahore, positive v to the north.?

Date Maan Velocity Total Threshold Max. Orbital
(ca/s) Velocity Velocity Orbital Dia.
u v urt ut (cm/a) Velocity
Onahore lLongahore (cm/a) Eq.(1.3) Seymour up do
(1985) (cm/s) (cm)

26.6 35.7 34 64.9 159
26.0 63.0 154
24.8 60.1 147
24.3 S8.6 144
13.3 30.8 233
13.7 31.0 224
13.6 30.8 223
13.6 31.0 224
13.7 31.2 225
13.8 31.4 227
11.6 26.8 117
11.9 26.5 116
12.1 26.8 117
12.1 26.2 1l4
12.0 26.2 114
12.0 26.8 117

23Jun80

11Aug80

COOPrPRPFERELPOOOON
ONUWLLAUABNDWWLO

12Sep80

28.5 68.7 199
27.7 66.5 193
27.7 63.4 202
26.4 61.2 195
18.9 : 44.5S 142
19.0 45.1 144
19.1 45.7 145
19.1 44.5 16l
20.1 46.9 170
21.3 49.7 1890
16.4 35.8 83
16.8 39.3 84
17.2 40.1 86
17.4 40.4 86

3Aug84

®ANOCOLEOENOCOVPONDI

10Aug84

29Aug8s

rd

26Sep84
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uT=<(u2+v2)0.5)>
up=2<(total variance)>»90.5
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Table 4-1, we did so with the current-meter data in Table
4-2, Maximum orbital velocity up was eatimated as two
timea the aguere rcot of the totali velocity variance. Thia
ia an analogy with the method for computing significant
wave height. The factor of two appears instead of the
factor four in aignificant wave haeight, because wave height
ia a measure of trough-to-crest whereas uy represents
departure from the mean. The orbital diameter do was
obtained from the up estimate using dgo=unT/w.
There ia aome queation asa to how well these

naasurenaenta represent the currenta near the sand bed.
Some transformation of velocities takes place within the
boundary layer. Sleath (1970) found that the boundary
layer thicknese for hia laboratory experiments on
ocacillatory laminar flow over a flat stationary sand bed
waa:

6§ = a (2v/00.5 (4.3)
where a 18 a dimenaicnleaa parareter between 1 and 10,
varying as a function of th§ Revnold’s number. Applying

the 1-10 range in "a*" to the peak frequenciesa in our
experiments, Equation (4.3) suggeats the boundary laver in
our experiments rangad between 0.15 and 2.8 cm. Even
though Slesath’a boundary layer waa laminar and oura

turbulent, it is difficult to believe that this difference

would increase the boundary layer thickneas by more than

a OO O
S T R R
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the order of magnitude necessary to place our current
aetera in the boundary layer.
[ One question wae must address is whether there is
asufficient verticeal variation in the horizontal fluid
valocities outside the boundary layer that it matters where
;; wa place the current meters. The available data suggest
i that there is little variation in horizontsl velocities &
within the meter of fluid closest to the bed, but ocutside
the boundary layer. Unfortunately, moat of the work on ’Q
5 this queation haea eddressed velocity veriation within the .ﬁ
surf zone, and little work has been done just outside the
bresakers. Quantification of the phenomenon known as o,
“"undertow" has been tha focua of seversl lasboratory R

inveatigationsa within the surf zone (LeMehaute et al, 19648;

Hansen and Svendaen, 1984: Svendsen, 1984} and two field
studies (Inman and Quinn, 1952; Stive and Wind, 1986). The
investigators found significent veristion of the horizontsl
velocity field between the upper end lower parts of the B
water column in some caseés (i.e., under breaking waves), :ﬁ
but variation of the mean velocity within the bottom <
quarter of the water column wes less than 10X (Stive and
Wind, 1986, Figure 4). Presumably vertical variation of
horizontal velocity outside the surf zone would be even
lesas. This is now an active area of investigation (Doering "W

. l‘
t
and Bowen, in press). o
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The preaance of more than one current meter allows
estimation of measurement error. Comparisons of the
current meter signals for the three SI0 experiments in

which both current meteara ware working are summarized in

Table 4-3. The momenta werse computed both with and without
a threahold criterion. The firat through aixth moments
pradict thae measured crosshore transport direction only 70%
of the time, but correctly predict direction in all
experimenta when a threshold is applied. Accordingly, the
nonenta listed in Table 4-3 were computed ignoring all

velocities below threshold in the time series:

<ull> = <agn(u) (uin> for all uT > ug
= 0 for all utT < ug (4.4)
where | | indicates absolute value, < > time averaging, and

uT is the total instantenacus velocity uT=(u2+v2)0.5, The
percent difference is the difference between the two
sensora divided by tha average. There is lesa than 3%
difference in the firat, aecond, and third velocity
moments. The difference in the higher moments is larger.
riaing to 20% for the sixth moment. Since measurement
difference ias also exponentiated, it is expected that the
difference will increase with the higher momenta. Somewhat
surprisingly, the square root of velocity had the highesat
difference, 31X%.

The momenta used in the tranaport modela teated

cennot alwaya be claasifiad exactly aa u3, u4, etc., aince
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Table 4-3. Comparison of Crosshore Moments from
Redundant Current Meters

(Each of the eight experiments corresponds to the tise
during during which a trecer grid messured aand transport.)

Experiment Sensor Moment: <ul> (Eq. 4.4) in (cm/a)n

n = 0.5 1 2 3 4 S 6 ;4

éi 2 3 s ? 8
N %10 %10 %10 x10 x10

10Augé84 w1 CM2 1.03 7.45 4.29 25.2 15.8 10.7 77.5
CM3 .866 7.21 4.13 24.5 15.35 10.7 78.5

o x Difference 17.3 3.3 3.8 2.8 1.9 0.0 -1.3 &
& cM3 -.223 6.07 3.52 21.0 13.5 9.46 71.4 o

K % Difference 93.2 1.2 2.8 3.3 3.6 3.0 3.9 ﬁ

R 29Augéaq #1 cM2 -.777 -6.37 -2.33 -9.15 -3.85 -1.73 -8.23 .
@ CM3 -.799 -6.69 -2.34 -8.69 -3.43 -1.43 -6.27 L
', % Diffearence 2.8 -4.9 -0.4 5.2 11.5 19.0 27.0 i

. #2 CN2 -1.23 -6.44 -2.3% -9.13 -3.79 -1.67 -7.78 i
CM3 -1127 -6-65 -2031 -8052 -3032 -1036 -5-87
x Dif‘.r.nc.‘s.z -3.2 1.7 6.9 13.2 20.5 28.0

#3 CM2 "0415 '6-28 ‘2-33 -9.18 -3‘84 -1.69 -7.72
C"Q -0548 -6.49 "2-29 '3-56 -3.36 -1.37 -5.78
%X Difference-27.6 -3.3 1.7 7.0 13.3 20.9 28.7

¢ 26Sep84 #1 cM2 .857 4.02 1.61 7.00 3.28 1.67 9.21 e
" CN3 .881 4.26 1.61 6.53 2.82 1.30 6.28 e

X % Difference -2.8 -5.8 0.0 7.0 15.1 24.9 37.8 ;g
N by,
B #2 CM2 .0349 3.63 1.%0 6.71 3.25 1.70 9.60 Vi

%X Difference -79.3 -8.4 -3.3 1.7 7.0 12.5 19.2

#3 CM2 .515 3.%9 1.%6 7.3% 3.78 2.10 12.6

CM3 .650 3.8% 1.60 7.21 3.55 1.89 10.9

* lef.r.hc. -2302 -7n° -2.5 1.9 6.3 10-5 1‘-5

: Average of absolute valuea of X Dif. for the 8 experimenta: ﬁ
31.2 4.6 2.0 4.5 9.0 13.9 20.1 :

Standard deviation of the % Dif. for the 8 experimenta:

33.2 2.2 1.3 2.2 4.6 8.4 12.0 o
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the models are in some cases quite complicated functions of
the fluid velocity. *hoso noments were computed according
to the model equations in Section 2.3, In some cases the
aocdelsa aspecify applicetion of a threshold criterion by
including the factor u-u¢ and specifying that values of

ijui<uys ere to be ignored (Meayer-Peter and Mueller, 1948:;

Yalin, 1963;:; Kobayashi, 1982: Sleath, 1978). For all the
remaining models we computed the moments according to the
model eguation (which did not contein a threshold
criterion) and alac according to Equetion (4.4). The
latter method isa listed in Taeble (4-4) as “with u¢e.*”

The percent difference in the velocity moment
required by each model (Table 4-4) ia Sx or less for the
Bagnold model and the Bailard and Inman model, about 10x%
for the other u3 models, 10-15%x for the u4 and uS models,
and about 20X for the ub modela. The trend of incressing
error with higher moment is the same as for the individual &
momeanta computed in Teble 4-2, but some interesting
differences appear between the models that are clessified
in the same moment category. For example, the Bagnold
model end Bailard and Inman model contain somewhat lesa
error than the other u3 models, which contain very
complicated functiona of u.

Anothaer aocurce of meaaurenent error examnined was Oy
the sensitivity of transport calculations to measurement of f&m

the mean velocity. All transport models retain the mean

{ T ' ORI i "
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Effect of Error in Fluid-Velocity Neasureament
on Predicted Tresnaport from Models
(Computad treanaport in dynea/(cm-s) is listed for each

sensor followed by X difference between the two.)

Table 4-4.

<t Yy t,'}‘y‘."zbt ;-";.";-“.‘:,"l :’vif’v"“"“‘,‘}a‘.’ .1' (1 't ." 3 2 " , ' (} ‘ Q . BOOHGH
, b ‘:""'l“"-“" S ‘A‘Y"s’~'-7.'«’,.5',‘|'y|i'}:¢'~,"-l ' 2 ’ » ' ‘0’ ! ’ 'l. il’ 'b‘ "' "“" ~'. .‘.t “I 0‘.."
- . : [REIEA) .

Pert A: u3 models
( -
Bailexd Bagnold Meyer- Yealin Koba-
& Inman Peter yashi
& Mueller
with ut with us+
10Aug8d #1 CM2 60.4 9S57.2 68.6 635.0 80.7 451.9 11.8
CM3 S8.2 5S5.4 65.4 62.1 79.0 442.3 11.4
% Difference 3.7 3.2 4.8 4.5 2.1 2.2 3.9
#2 CM2 S2.2 49.9 S58.8 S5.8 70.8 396.3 10.2
CM3 %S0.4 48.6 56.7 %4.0 68.7 385.0 10.3
%X Difference 3.4 2.6 3.7 3.2 3.0 2.9 -0.3
29““984 ‘1 cnz -2706 -250‘ -25.6 -2400 -21a3 -153.9 -409
CM3 -27.1 -24.7 -24.0 -22.3 ~-18.3 -132.4 -4.4
x Difference 1.9 2.6 6.8 7.1 1%.,2 15.0 11.6
#2 CH2 -27.5 -25.2 -25.5 -23.7 -20.9 -151.1 -5.5
C"S -26.5 "'2‘.0 -2‘-0 -2201 -17.6 -127.1 -4¢8 \
% Difference 3.8 4.7 6.3 6.9 17.4 17.3 13.8 v
#3 CM2 -27.4 -25.2 ~29%.4 -23.7 -21.5 -155.4 -6.0 QQ
CM3 -26.3 -24.1 -23.8 -22.1 -18.1 -131.2 -S.1 W
x Difference 4.0 4.8 6.4 6.9 17.0 16.9 15.7 o
26Sep84 #1 CM2 18.6 17.% 20.6 19.2 17.2 98.7 2.4 N
CHN3 18.0 16.9 18.7 17.6 14.4 82.7 1.9 T
% Differenca 3.6 3.3 9.7 9.0 17.9 17.6 22.8 'F
#2 CM2 17.2 16.4 19.3 18.2 17.3 98.9 2.3 {%
CM3 17.6 16.9 18.8 17.9 15.8 90.7 1.9 [
%x Difference 2.1 2.8 2.7 1.6 8.8 8.7 16.6
#3 CM2 18.2 17.7 20.7 19.9 20.3 116.4 2.9 0
CM3 18.% 18.0 20.1 19.5 18.9 108.1 2.9 Qo
* Diff.!‘.nc. 1.6 2-0 2.8 2.0 7.5 7.‘ 13.9 \ii"-
IR
Average of absolute values of % Dif. for the 8 experiments: -
3.0 3.3 S.4 S.2 11.1 11.0 12.3 o

Standerd deviation of the % Dif. for the 8 experimenta: Ry

0.9

0.9

2.2

2.6

6.1

6.1

K

(]
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""‘l"{!"?‘"“..'

6.7
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Table 4-4. Effect of Error in Fluid-Velocity Measuresment
on Predicted Trsesnaport from Models
(Computed trensport in dynes/(cm-s) is listed for each
aensor followed by x difference between the two.)

Pert B: ut and uS models
(Sleath and Hallermeier are ut models and Heanes & Bowen uS)

Exparisent Sensoxr __ Computed Transpoxt (dvnes/(cm-g)]
Sleath Hallermeier Hanas & Bowen
with ug

10Aug84 #1 CHM2 1.72 2.50 S2.1 S1.8
CNM3 1.7 2.42 51.2 $0.9
X Difference 0.6 3.3 1.8 1.8

#2 CM2 1.54 2.19 47.3 47.0
CM3 1.50 2.13 45.8 435.6
% Difference 2.6 2.8 3.1 3.1

29Aug84 #1 CM2 -0.27 -0.86 -0.83 -8.28 -8.17
cn3 -0-22 '°n75 -0073 -6075 -6065
%X Difference 20.4 13.7 12.8 20.4 20.95

”2 Cﬂz -0326 "°¢84 -0081 -7.96 -7085
CM3 -0.21 -0.74 -0.71 -6.93 -6.41
%X Difference 21.3 12.7 13.2 20.0 20.2

#3 CM2 -0.27 -0.89% -0.82 -8.02 -7.91
0"3 -0022 -°a7‘ "'0072 -6-55 -61“
% Difference 20.4 13.8 13.0 20.2 20.95

26Sep84 #1 CM2 .24 0.52 0.50 9.08 8.96
CH3 0.19 0.44 0.42 6.88 6.79
%X Difference 23.3 16.7 17.4 27.6 27 .6

#2 CM2 0.2% 0.50 0.49 9.10 9.01
CM3 0.22 0.47 0.46 7.98 7.92
X Difference 12.8 6.2 6.3 13.1 12.9

#3 CM2 0.58 0.57 11.1% 11.08

CcM3 0.54 0.353 10.03 9.98

X Difference 7.1 7.3 10.6 10.5
Average of absolute values of % Dif. for the 8 experiments:
13.9 9.5 9.8 1‘.6 1"6

Standard deviation of the X Difference for the 8 experimenta:

8.3 5.0 4.7 8.5 8.6
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Teble 4-4. Effect of Error in Fluid-Velocity Meesurement
on Predicted Tranaport from Nodels
(Computed transport in dynea/(cm-s) is listed for each
sansor followed by % difference between the two.)

-

- n
e M

R -

Part C: u® and ul models
(Einatein is a variable un model)

(cm-g) i
Madsen & Grant Shibayana Einstein’s ¢
& Horikawa (dimensionless)

3

10Aug84 #1 CN2 73.9 73.9 112.3 112.1 1.63 0.0723
CM3 73.3 73.2 111.7 111.S 1.70 0.0750

% Difference 0.8 0.9 0.5 0.5 -4.2 -3.7
#2 CH2 70.2 69.8 106.7 106.5 4.16 0.08%6
CN3 67.9 67.2 102.7 102.95 4.36 0.0881

% Difference 3.8 3.8 3.8 3.8 -4.7 -2.9

29Aug84 #1 CM2 -7.57 -7.40 -11.51-11.45 -2.79 -0.1362
: CH3 -3.69 -5.956 -8.65 -8.59 -2.77 -0.1357 X
“ % Difference 28.4 28.4 28.4 28.95 0.72 0.37 o
3

! #2 CM2 -7.13 -6.97 -10.84-10.77 -5.7% -0.1333
CM3 -%.39 -8.27 -8.20 -8.13 -5.80 -0.1372 '
% Di‘f.r.nc‘ 27.8 27.8 27.7 27.9 -0067 -1.39 =

a #3 CH2 -7.04 -6.88 -10.71-10.64 -9.30 -0.1363 R
f CHM3 -5.28 -S.16 -8.03 -7.96 -9.39 -0.138%5 5 F
N % Difference 28.6 28.6 28.6 28.8 0.96 1.45 N

26Sep84 #1 CN2  9.75 9.51  14.81 14.73 3.54¢ 0.1748 M

; CH3 6.49 6.33 9.86 9.80 3.60 0.1749 ﬁ}
K x Difference 40.2 40,2 40.1 40.2 ~-1.68 -0.0%7 %
]

K "'".‘c

#2 CM2 10.00 9.76 15.20 15.14 7.86 0.1880
CH3 8.23 8.03 12.50 12.46 7.74 0.1816 .
) % lef.!'.nc. 19.‘ 19-5 19.5 190‘ 1-5‘ 3-‘6 N
CHM3 11.21 10.94 17.04 17.01 11.21 0.1769 G
% Difference 14.8 14,8 14.8 14.7 0.89 2.40 XN
® Average of abaoclute values of %X Dif. for the 8 experiments: b Y,
N\ 20.4 20.4 20.4 20.95 1.9 2.0 o
Standard devietions of the X Dif, for the 8 experimentsa: v

12.6 12.6 12.6 12.7 1.5 1.3 o
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velocity in their equations. To examine this sensitivity
we sltered the current-meter offsets for the two .Q
experiments in which we measured offshore sand transport e,
with the tracer (3 Auguat 1984 and 29 August 1984). When
we reduced the measured offshore mean fluid velocities on
both daya by 5 ca/s the transport direction predicted with gw
; Equation (4.4) changed from offshore to onshore for both B i

sets of experiments, even though the mean fluid velocity -
. was still offshore (about 3 cm/s). Accurate measurement of

the meaan fluid velocity is very importent when pradicting *b

tranaport direction.

e e e e
-y
-

-

A 4.3 Tracer controls o
There are two important controls on tracer

experiments which are used to test two basic assumptions: qﬁ
i that the sand tracer behaves in the same manner as the Ca

natural sand and that the sand tracer is adequately

monitored. The first asssumption is tested by compering the Kk
; size diastribution of the sand tracer with the size &eb
distribution of the natural sand present during the
experiment. The assumption of adequate monitoring is
tested by determining how much of the trecer hss been

accountaed for in the sarpling, known aa 'tracer recovery."

] y -
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4.3.1 Metching trecer end in-eity sand

For each tracer experiment the size diatributiona
weare measured for the sand before it was dyed, the red dyed
aand, the green dyad aand, and the in-aitu natural aand
present during the experiment. Statiatical moments of all
four of these distributions were computed for each
experiment and are listed in Table 4-S.

Five different moments were computed from the size
diastributiona: mean, median, disperasion, skewness, and
kurtoais. The atatistical momenta use the data from each
half-phi size interval in the size distribution. Detailed
descriptions of each of these moments may be found in Inmen
(1952). The phi aize measure usad here can be converted to
millimetears by:

am = 2-9@ (4.5)

A nagative skewneas (which is the casa for mosat
diatributiona in Taeble 4-5) indicates that the phi mean is
numerically less than the phi median, and the distribution
ia skawad toward smaller phi (coarser graina). A normal
distribution has a kurtosis of 0.695. A greater kurtosis
indicetes a grester apread, i.e., more asand in the tails of
the distribution than for a normal distribution. This ia
generally the case in beach sand and ias true of all samples
in Table 4-5.

The higher momanta 0of akewneaa and Kurtosias are

quite sensitive to methoda and tachniques of measurement.
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Table 4-5. Sediment Size-Distribution Moments
(Maedian & meen are in phi unita & microns, others in phi.)

Description Date Median Mean Dis- Skew- Kurtosis
Sampled persion nesas

# y & . 0o o @
Ioxrey Pines experiments (1960)

230 meters 135May80
offshore
100 meters 15May80
offshore

Sand to dye 1SMay80
Grn traeacer 1SMay80
Red tracer 15May8o0
During exp. 23Jun80
During exp. 11Aug80

Sand to dye 18Aug890
Grn trecer 18Aug80
Red trecer 18Aug80
During exp. 12Sep80C
During exp. 29Sep80

tu

Sand to dye 12Jul84
Grn tracer 12Jul84
Red tracer 12Jul84
During exp. 3Aug8q

Sand to dya 6Aug84
Grn tracer 6Aug8d
Red tracer 6Aug84
During exp. 10Aug84

Sand to dye 13Aug84
Grn treacer 13Aug8d
Red trecer 13Aug8s4
During exp. 29Aug8d

Sand to dye l11Sep84
Grn tracer 1llSepé84
Red tracer 11Sep8a
During exp. 26Sep84d

Sand to dye 26Sep84
Grn trecer 26Sep8a
Red trecer 26Sep84d
During exp. 300ct84
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White and Inman (1987b) found thea to be more a function of
computaticnal method than of whether the sand was dyed or
undyed. Medien size and the dispersion of the natural and
dyed sanda ahould match as cloasely as possible. The
skewness and kurtosis of the tracer are usually considered
adequate if they are of tha same sign as the natural sand.
In the Torrey Pines experimenta the sand waa
aanpled, taken to an cutaide company for dyeing, and then
used in two tracer axperimenta. The meen, median, and
dispersaion mesaures for the 15 May 1980 undyed and dyed
sands match well the in-situ sand for the 23 June 1980 and
11 Augusat 1980 experiments. That is, the medians, means,
and dispersiona are close, and the skewness and kurtosis
are of the correct sign. This is not the case for the
tracer used in the September 1980 experiments. Apparently
the coapany dyeing the asand loat aome of the finer sand
during the dyeing process, resulting in larger median dyed
sand. Although the dispersion remained the same, the

akewnaaa awitched sign. Thua the tracer diatribution waa

akewad toward finer graina, but the increase in the median
size indicatea a shift of the entire diatribution toward
coarser graina. Tracar recovery results will show thet

thia changa of the trecear size diatribution had a

subatantial effect on the September 1980 experimentsa,

particularly the 29 September 1980 experiment, in which the
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coarse dyed sand moved rapidly out of the sampling grid "

toward the breskers. =

In the SI0 experiments we dyed ocur own sand, and it 'b

can be seen from the statistics in Table 4-5 that this o

worked gquite well in comparison to the September 1980

Q exparimnentas. There was sometimes s lag of weeks between 1%
sand dyeing and experiment, but this was not because of the Y3l
dyeing process. The time lag was caused by waiting for
wave conditions and underwater visibility suitable for the )ﬁ

axperiment. As can be seen from Table 4-3, the mean and o

N
-
.

mediana are somewvhat coarser for the tracer send than the
in-situ, but dispersions all metch quite well. The ﬂ?

akewnesses and kurtoasis are all of the correct asign. (The Wy

RS

dyed aand used in the 3 Auguat 1984 experiment had the
correct sign of skewness, even though the original sand thy

taken from the ocean did not.) The only consistent trend W

T S N
=
-y

in the dyeing process is coarser tracer sand. The .‘

veriation in dispersaion, skewneas, and kurtoais appears Ko

T w W

¢ random. i)
In conclusion, the dyeing process worked relatively
wall for all but the two September 1980 experimenta. The
only conaistent trend wea for the tracer sand to be coarser
than the in-situ sand (an everaege of 60u coarser for all
but the September 1980 experiments). The data from thoae

. experimaents isa suapect, and the next taesat of tracer
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recovery is used to determine whether the tracer behaved

adeaquately.
4.3.2 Tracer recovery

To determine whether the motion of the dyed aand
haa been adequately monitored by the core aampling, we
computed (Table 4-6) the percent of injected tracer
raecovered in the sampling grid using the maethods of Section
2.1.3. In tracer experimentas a recovery rate between 70
and 100% is usually considered good, and rates between S50
and 70X are adequate (Inman et al, 1980; Kraus et al,
1982). If the recovery is lesa than 50X, the results are
quaeationable, and racovery of leas than 25% meana that mosat
of the tracer has moved out of the grid, and tranaport
ratesa should not be used from auch sampling. Moat of these
axperimenta had a good recovery rate, exceading 70%, with a
faw in the 30-70X range. In aome caases the computed
recovery rate exceaeded 100X, not unusual in tracer
experimenta., It indicates that each core sample does not
always accurately represent the concentration in the
aurrounding area. Somre core aamples apparently had
anomalously high concentrations.

Statistics for the meassured recovery rates were
computed. The 29 September 1980 experimenta, which had
very low recoveriea and were therefore not uaed to teat

badload modela, were excluded from the atatiatica, The

.. '.‘:: 00 ": ‘l.' ‘::"::!':l "a‘ 'o' XA '..'::".’. “.' "n‘" '.‘ W o“'o' o "'l'.‘ i () 5 Nty .0'.‘0'
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. Table 4-6. Tracer Controls
¢
; Experiment Sampling Tracer Recovery (%) Transport
Tima Green Red Difference (%)

N (minutes) (cffahore) (longshore)
. 23Jun80 #1 18.13 7%5.7 64.2 20 3
: #2 39.75% 45.2 41.4 -5
‘ #3 62.00 78.4 58.2 -15 -18
_ #4 131.11 a3.7 74.9 -5 -100
)
K 11Aug80 #1 18.56 46.3 44.3 106 -30
K #2 46.00 2.5 81.6 -589 -90
v 3 72.77 58.0 78.2 -227 -300
* #4 105.42 60.3 92.9 174 -13

#5 133.00 89.9 92.9 -197 -25
) #6 160.19 173.8 198.1 -683 38
N 12Sep80 #1 25.13 73.4 14.5 795 1966
N #2 S5.46 91.1 29.6 80 -28
. #3 87.00 64.6 35.9 242 -900

#4 131.65 55.9 51.5 -380 -1320
k #5 180.65 119.5 42.1 68 75
i #6 227.07 142.8 159.7 -29 -14
\
. 29Sep80 #1 19.50 12.1» 12.2# -588 16
, #2 36.59 13.1» 11.4» -61 -99
N #3 67.77 12.7= 15.7% -3%8 -68
N #4 110.00 20.9» 13.0» -267 1)
\ #5 137.17 18.8» 18.7+ 154 -16
: #6 168.43 12.6» 18.1» -233 308
?
) 3Augl4e #1 66.33 82.3 64.6 27 -103
X #2 141.33 72.6 78.7 -122 -81
)
) 10Aug84 #1 S5.33 S0.4 66.0 -76 -105
o #2 120,00 30.0 40.5 -107 -53
[}
)
' 29Aug84 #1 50.93 22.4 99.3 70 ~114

#2 105.%52 29.1 51.5 -20 -193
: #3 167.33 27.2 69.0 -24 -16
#
b 26Sep8d #1 5S0.92 64.2 63.6 -83 -82
! #2 100.60 94,2 93.5 -112 -80

#3 145.22 52.3 112.2 61 -90
[}
X 300ct84 #1 82.29 74.0 52.8 -59

#2 135.50 94.% 141.2 -442

#3 176.44 65.7 128.3 41

#4 206.75 48,7 79.9 -78

L3 Not used to teat bedlocad modela.
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remaining 60 recoveries had a mean recovery of 73.7% with a
standard deviation of 36.2%x. There was some tendency for
¢ recovery to increase in the later samplings. The
correlation coefficient between time and recovery was
0.506. Presumably the tracer was dispersed more evenly at
" later times. That is, the spatial scale of significant
K change in tracer concentration may have incressed in time
relative to the sampling acale (distance between samples).
%y In the first two experiments, 23 June 1980 and 11
4 August 1980, the recovery was adequate to good. On 12

September 1980, the racovery of grean tracer waa good, but

=
">
-

apparently the red tracer did not disperse adequately

‘..c

throughout the grid until the third or fourth sample set.

S -
e )

-
"
-

)

The results for the 29 September 1980 experiment confirm

SN NN

the doubta based on the asand size distributiona of Table

- o

R

4-5. The tracer was too coarse and moved quickly out of

-

the grid and toward the breakers. We did not use the 29
tt September 1980 dats for any bedload-model testing, although
' there are atill a sufficient number of dyed graina in each
core aample to adequately computae tranaport thicknasa. All
;5 of the recovery rates for the 1984 experimenta at SIO
. appaear adaeaquate to good, except for the green trescer on 29
Auguat 1984. On thia day, there was a atrong offshore net
tranaport rate. Since green tracer was injected 1.5 meters

] offshore of the grid center and the red tracer 1.5 meters
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onahore, it is not surprising that considerable green
tracer waa loat.

Since we used two colors in each of our
sxperiments, an additional test on the quality of each
experiment is available. The transport differences,
computed as [((green transport minus red transport)/red

tranaport)] x 100%, are listed in Teble 4-6. It was hoped

that these differences would correlate in some way with the
trecer reacovery rates, but there does not appeer to be any
obvioua correlation. The lower differences for the 23 June
1980 experiment are due to the fact that the two colors

were mixed together and injected simultanecusly at the same

location.,

4.4 Transport thickness

The sand trenaport rate ias proportional to the
thickness times the velocity of transport (Equation 2.1).
Each core sample contains a vertical distribution of tracer
from which eight different eatimatea of tranaport thicknessa
were computed by the methods of Section 2.1.2. Some of
these eatimators are known to be inaccurate but are
included for purposes of comparison with other deata sets.
Daily averages of the mean thickness and the standard
deviation are listed for each of the eight estimators in

Appendix 2 as Tables 8-1 and 8-2. The complete liat of

KR

DOOBOGOORO0N
Pt |“'l".l".|"

" IO by D T R T T R e SO ) .0 e )
AR AN ‘.o X "» X ,"o "o Rttt ‘.n ' 0,": "A,':o,"u O "u "o."t. t.’ s l," ‘a.:: x .s,"o, e |.0:g“u, i




N 119 -

transaport thicknesses obtained for each color in each grid o
on each day is in Appendix 2 (Tebles 8-3 through 8-6).
The thicknesa values from each of the eight
eaatimetora for only one day’s experiment are shown in
Figure (4-1). Three of these estimators yield relatively
s large thicknessea. The maximum-penetration estimator is

recognized as unrealistic, since it relies on the deepest o

e TN m a
o v, Bl R,
o o P T

penetration of any tracer, no matter how small a

concentration. Since a few dyed graina can be pushed &

P
»

beneath the transport layer artificially by the sampling :ﬁ
process, this estimator is rejected. As recognized by

0 Inman et al (19580) the 0.5 and 1.0 grain/gram penetration

) astimators muat alsoc be rejected, aince they yield

- thickness estimates which far exceed both subjective visual
estinates of thickness and all other objective estimators o
now used (Kraus et al, 1982; White and Inman, 1987b). :&

The mean thicknesasea from esatimatora A-D and G }’

nﬁ 'p‘
o (Figure 4-1) agree with each other rather well. These .
»ﬁf_\ eq‘?k
ﬁ eatinatora have been usad recently (Kraua et al, 1982: W

White and Inmen, 1987b). The disagreement between thease
#g five methods is small compared to the mean value obtained. o
% However, there are aome theoretical problema (Section Nt
. 2.1.2) with the estimator Zo=2INz/IN (G in Figure 4-1) when
) used with the original verticel tracer profile. This it
aesatimator yielda unrealistic resulta for "buried" o

concentration profiles, in which concentration is low near

At '&g“ 0\ qt;igig (SO0 A MOOONION SR
HE0S s “”*“."t lgl.,":‘:%...l‘i‘i...l%l.l ',l.‘t;l‘.h
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9 TORREY PINES BEACH TRANSPORT THICKNESS ESTIMATOR:
23 JUNE 80 CRICKMORE CONCENTRATION  PROFILE

s | A Zes 2EN-2
° TN
.l Bz IN-Az
Nmax
ORIGINAL CONCENTRATION PROFILE
8§ -

c. PENETRATION OF 80% OF TRACER

PENETRATION OF 90% OF TRACER

w
¥

]
€. 1.0 grains/qram PENETRATION OF TRACER
F 0.5 grans/grom PENETRATION OF TRACER

2ENg
In

N, MAXIMUM PENETRATION OF TRACER

6. Zps

THICKNESS Z,(em)
»
1)

w
H

THICKNESS ESTIMATOR

Figure 4-1. Transport thickness estimates for 23 June 1980.
The sclid curves denote green trecer and the dashad curvea

red tracer. Both means and standard deviations for 29 core

sanplea are plotted.
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the top of the core sample but increases with depth. For
this reason wva recommend that this estimator (Inman et al,
1980) not be used. However, its behavior with the
so-called “Crickmore profile" in which the negative
concentration gradients within the core are eliminated, is
quite reasonable (A in Figure 4-1). We conclude that any
of the four eatimatora A-D (Figure 4-1) can be used to
compute transport thickness. When we examine individual
core aamples, the Inman et al estimator with a Crickmore
profile (A in Figure 4-1) aeema to yield thickness
aatinataa closer to what would be subjectively selectaed aa
the appropriste eatimate. For this resson of agreement
with subjactive viasual estimatea of thicknesaa, we will be
using the Inman et al eatimator with the Crickmore profile
in further computations.

Note that for the four estimators we have selected
as well-behaved, the standard deviations of the thickness
aatimatea are about half of the meana. Thia is in contraat
to surf zone experiments in which the standard deviation
ranges between one and two times the mean value (White and
Inman, 1987b). Since the same rmethoda and thickneas
eatimators were used in experiments both inaside and ocutaide
the surf zone, we conclude that there is two to four times
lasa variation in trasnaport thickness outside the aurf zone
than inaide. In the surf zone wavea acmetimea penetrate

through the waeter column and reault in intenae ahort-lived
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veartical velocities throughout the water column end within
the sand bad. Thia type of behavior contrests sharply with
£fluid motion ocutaide the surf zone, i.e., nearly horizontal
velocities near the bead. Clearly more vaeriance in the
depth to which tracer ia mixed should be expected under
plunging breakers than in the less turbulent horizontal
flows outside the surf zone.

Transport thickness must be related to the fluid
motiona above the sand bed. If a relationship could be
found between fluid parameters and transport thickness,
then it would not be necessary to measure the thickness
with tracer methods. King (1951) first suggested that
there might be a linear relationahip between wave height
and tranaport thicknesa. Sunasurs and Kraua (1985) used
the Kreua et al (1982) data from surf zone tracer studiea
to quantify this relstionahip. The best fit between wave
height and transmport thickness for their date set was:

20 = 0.027 Hgig for 60 cm ¢ Hgjg < 160 cm (4.9)
The coefficient in (4.5) decresased aa Hgjg rocae above 1.S
meters. They did not attempt to use an additive constant
in (4.%), nor did they report what level of correlation
existed between wave height and trensport thicknessa, simply
that the data best fit Equation (4.35).

We correlated surface-corrected Hgig with Z2o and
found an extremely low correlation coafficient (an avarage

of 0.083 for the two tracer colora). The reaults for thias
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correlation are listed in Appendix 5 as Table 8-9. It OV
appears that wave height is not a good predictor of
transport thickneas. i
Sunasure and Kreaus (1983) elsoc exsmined the o
correlation betwean fluid velocity squared and tranaport
thicknessa. There is some theoretical justification for ﬂf
selecting the second power of the fluid velocity (Hanes and fow
Bowen, 1983%5), but no experimental data sets suggest such a
selection. They found that the Kraus et al (1982) data set s
best fit the relation: R
20 = 81.4 D (8-6¢) (4.6)
) where O=cspuml/(pq-p)gD and u, wes obtained from wavestaffs et

and surface-correctad presasure dats at the breakpoint. For }f

some reason they attempt to explain correlation between

thickness and grain size, D, in (4.6), even though D }H

' appeara in both the numerstor and denominator and cancels
out. Three artifical restrictions on (4.,6) ere apparent: ir

j arbitrary selection of the second power of fluid velocity, X

X abaence of any additive conatant, and fajilure to quantify

the lavel of correlation.

We removed these raestrictions in attempting our MK
correlation betwaeen fluid velocity and tranaport thickness.
We attempted to follow the methods of Sunamura and Kraus -
(1983) in Equation (4.6) as closely aa posaible. Values of Aw
' D(©8-6¢) were computed uging uy, from the pressure-sensor ?ﬂ

data (Table 4-1), since this was the method of computing up i
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used by Sunamurs and Kraus (19835). The correlation
coefficient between 2,5 and D(8-6¢) was 0.047 (Table 8-9),
an extremaly low correslation. Apparently this is not a
good predictor of trensport thicknesa either.

We attempted a correlation between 2o and the up’s
from both surface-corrected pressure date in Table 4-1 and
the current measuresmenta in Table 4-2. We considered the

moments up®:-3, up, and uy2. The correlation coefficienta

for the different power of up fell in the range 0.32-0.36

for the aurface-corraected up (Appendix Table 8-9) and -0.34

to -0.42 for the up’as derived from current measurements
(Appendix Table 8-10). Apparently this variable is not
well correlated with 25 either.

Another variable which we correlated with 25 was
the time-averaged total velocity uT from the near-bottonm
current metarsa listed in Table 4-2. The velocity
CuT>=<(u2+v2)0.3> 1a a measure of bottom stress without
regard to direction. The correlation coefficients in
Appendix Table 8-11 for the momenta <uT>°-5, <uT?>, and
<uT>< ranged between -0.34 and -0.40, atill rather low
correlationa.

Finally we correlated 25 with the orbital diameter
do. We considered the fact that do is & measure of how
long the sand bed feaels the velocity. That ia, do is the
product of uy, and the wave period (Egquation 4.2). We used

do from two different sourceas: the surface-corrected wave
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heights in Table 4-1 and from the current-meter datas in
Teble 4-2. The highest correlstions were found using dgo
from the surface-corrected wave heights in Table 4-1. The
reaults for the seven momenta <do>R with n ranging from 0.5
to 6 are presented in Teble 4-7. The correlation
coefficienta are somewhat higher than others we have
performed (0.63 to 0.74) and are quite close for the

different power of do. At 90X confidence the only moment

which performs statistically less well than the others is W
deC:5S. An equation relating 2, and dol could be presented G
for any n > 0.3, but we will list here the dimenaionally
correct n=1 aquation: §
Zo ®= 0.010 dg * 0.58 cm for S8 com €< dg < 251 cm  (4.7) Yo

where dg is computed from the surface-corrected wave

heights and the peak spectral period (Table 4-1). The W
AALS

N

considerably lower current-meter derived dp correlation «g
LAY

O

coefficient of -0.22 is detailed in Appendix Table 8-11, ;}
.‘ L0

Equation (4.7) suggeats a mainimum value for 2,. &5
Inserting our smallest measured value of do=58 cm yields %ﬁ
)

DR

20=1.16 cm. Physically this suggests that wave motions f?
1& 'L

large enough to induce sand motion result in tranaport :§
et

thicknesaaa of at least a centimeter. Thias should not be ;f
b_:‘:

surpriaing, aince saand requires a threshold atreaa to be g
LA

applied before it movea and dynamic coefficienta of 1?
"W:

friction are lesa than atatic coefficienta. In fact, this 'ﬁ
is confirmed by all three data sets of Kraus et al (1982), -
':::;

o

o:*:
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Teble 4-7. Correlation of Orbital Diameter with

Tranaport Thickneas

(do from surface-corrected wave heighta in Table 4-1.)

Orbital Diameter Moment <dg>n
0.3 1 2. 3 4 S 6

Mean
St.Dev.

Slope, a

—

Part A: Red Tracer (295 samples)
(For 2o, mean = 2.21 cm and st.dev. = 0.735 cm)

12.51 162 2.94 S5.77 12.0 26.0 S8.4
%104 x106 %108 x1010 x1012

2.36 S6.3 1.82 5.00 13.2 34.1 87.4
x104 x106 x108 x1010 %1012

0.172 .00800 .281 .108 .0418 .0161 .00625
%10-49 %10-6 x10-8 x10-10 3x10-12

Intercept 0.08 0.94 1.41 1.62 1.75 1.83 l1.88

Cor.Coaf.

0.541 0.601 0.683 0.720 0.736 0.732 0.728

90% Confidence Limita:

(lower)
(upper)

0.504 0.564 0.646 0.683 0.699 0.695 0.691
0.578 0.638 0.720 0,737 0.773 0.769 0.76S

80%x Confidence Limits:

(lower)
(upper)

0.517 0.577 0.659 0.696 0.712 0.708 0.704
0.565 0.623 0.707 0.744 0.760 0.756 0.752

70% Confidence Limits:

(lowar)
(upper)
% Sig.

Maean
St.Dev.

Slope, m

0.526 0.586 0.668 0.705 0.721 0.717 ©0.713
0.556 0.616 0.698 0.735 0.751 0.747 0.743

99.95 99.994 > 99.99999% for remaining momentsa.

Part B: Green Tracer (260 asamples)
(For 2o, mean = 2,28 cm and st.dev. = 0.96 cm)

12.51 162 2.94 5.77 12.0 26.0 58.4
x104 %106 x108 %1010 x1012

2.36 S6.3 1.82 5.00 13.2 34.1 87.4
x104 %106 x108 %1010 x1012

0.290 0.0127 0.407 0.147 0.0544 0.0204 0.00772
®10-4 %10-6 x10-8 x10-10 xi10-12

Intercept -1.35 0.22 1.08 1.2z 1.62 1.74 1.82

Cor.Coef.

0.713 0.74%5 0.773 0.766 0.748 0.725 0.703

90% Confidence Limits:

(lovwer)
(uppeaer)

0.676 0.708 0.736 0.729 0.711 0.688 0.666
0.750 0.782 0.810 0,803 0.785 0.762 0.740

80% Confidence Limits:

(lowar)
(upper)

0.689 0.721 0.749 0.742 0.724 0.701 0.679
0.737 0.769 0.796 0.790 0.772 0.749 0.727

70x% Confidence Limits:

(lowver)
(upper)
X Sig.

0.698 0.730 0.7%8 0.751 0.733 ©0.710 0.688
0.728 0.760 0.788 0.781 0.763 0.740 0.718
Greater than 99.99999%x for all moments.

Mean correlation coefficient for the two colora:

‘% "

3
&, \.5 |" 1' "i ‘..

0.627 0.673 0,728 0.743 0.742 0,729 0.716
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White and Inman (1987h), and our data from outside the surf
zone. In all three studies thicknesses less than a

“ centimeter are rare.

o Sand tranaport is the product of tranaport

o thicknesa, tranaport velocity, and other parametersa which
did not vary during the experimenta [(Equation (2.1)>1,.

The transport rates were determined from grids of samples

b which concentrated sampling along the crosshore line
through the grid center. Examples of the resulting
distributiona of tracer for two different times during the
12 September 1980 experiment are illustrated in Figure
(4-2). The transport velocity was obtained by determining
the diatance that the tracer centroid moved during the time
o betwaen injection and aampling, uaing the computational

( methods detailed in Section 2.1.1. The resaulting tranaport
*h velocities, thicknesses, end transporta are listed in

¢ Appendix 6 (Table 8-12 for the crosahore direction and
Table 8-13 for the longshore direction). There were

¢ sometimea insufficient samplea in the longshore direction

_i to detarsine longshore velocities, particularly for the 30
' October 1984 experiment grids, each of which consisted of q
juat one crosshore line of aamplea.

Compariacna with the datea of Kraus et al (1982) and

White and Inman (1987b) show that the transport thickneasses
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Figure 4-2. Horizontal tracer distribution of red tracer
at two different times. The left figure is 25 minutes

after injection and the right figure 86 minutes.

RO TR o) OO OO ) " H\\" e
Sete h._’“ DOR .“ OO ""‘ e, " ". A A “ ‘:“’:‘l’:'l‘!‘h‘:.b’t':‘: .' .'. '!'L:' e 'l"‘o"‘u' ':"' “l‘!" % “"

"'!l !.tlt



RO RE A PR IR YW . | L LW LNPYRSUAN AR AT AN RN TN EARN IR SR LN A N VN O I T A WO T IO WL Y

: U

‘ 129 f_
@ have about the same mean values both inside and cutside the ?
ﬁ aurf zone. But the longshore velocities (and transports) ‘$
_g are about two orders of magnitude slower for tranaport %
ﬁ ocutside the surf zone. Reliable crosshore tranaport rates ?
% in the surf zone have not baeen reported. :g
% In all caaea for which the tranaport difference

‘g between the two coloras exceeded 100 dynes/(cm-8) (Table

b 8-12), there were low tracer recoveries for one or both

.
-

colora (Table 4-6). Even after deleting these low-recovery

Ay

% grida, it ia cleer that the error in the tranaport velocity
e eatimates far exceedsa thae error in tranaport thickness

g eatimatea. The thickneaa eatimatee vary by only about Sx%
§ between the two coclora (Figure 4-1). The difference in

w eatimatea for tranaport velocity aometimea exceeds the

;Q average estimate (error greater than 100%X). Perhaps the

Ef disagreement in tracer velocity between the two colors

o could be raduced by increasing the number of samples in the
% grid. Unfortunately, there are practical restraintas on

% both the number of samples which can be obtained and

M

q counted. The more efficient counting methods possible with
g radiocactive tracers (i.e., Inman and Chamberlain, 19359)

)

ﬁ would have allowed increased aampling and reduced error.

¢

- Correlations between varioua powers of fluid

g valocity and sediment trenaport were computed. The data

ahow that the application of a threshold criterion to the

fluid velocity 18 necesaary. When a threshold was not
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applied the resulting fluid velocity moments (firat through
aixth) predicted the correct direction of croashore aand
motion only 70X of the time. When a threshold criterion
wasa applied, the fluid valocity momenta (firat through
saixth) cortectlf predicted msand tranaport direction for all
30 experimentsa.

The correlations between each of the fluid-velocity
moments and sand trangport are listed in Table 4-8. Note
that the appropriate power of the fluid velocity waa
appliad prior to averaging in time. Averaging before
exponentiating can yield quite different reasults. The
alopea and intercepta in the table can be used to form a
"model" for predicting aediment tranaport. However, cgs
unita muat be uaad, aince the raaulting equation ias not
dimenaionally correct. Using the aslope m and the intercept
b, we obtain for croaahore transport:

ix = m <uf> + b (4.8)

where m, n, and b appear in Table 4-8. Part B of Table 4-8
shows correlations with dimensionless tranasport:

= (005 1/ (pa-p)gD13/2 (4.9)
The correletion coefficiente for either dimenaional or
dimensionleas tranaport are about the same for all moments,
which i{sa not aurprising because thaese fluid-velocity
moments are strongly correlated with each other (Appendix
Table 8-8). The one-half power of fluid velocity clearly

has significantly leas correlation with tranaport, even at
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Table 4-8. Fluid Velocity Correlations with Transport
(Fluid velocities are from Eq. 4.4 with a threshold.)

Part A. Correlation of Fluid Velocity with
Dimenaional Tranaport, i (Table 8-12)

Valocity Moment <ul>

n_= 0.5 1 2 3 4 S & o
Mean 5.93 3.02 13.1 1.21 9.%0 7.05 S5.02 Ay
x10-4 x10-2 x103 %104 x106 x108 s
St.Dev. 4.68 3.63 1.79 1.03 6.83 S.05 4.10 o
x10-1 x102  x104 %105 x107  x109 we
Slope, m 49.9 7.76 1.60 2.76 4.05 5.29 6.27 AU
x10-1 %103 %105 x107 x109
Intercept33.0 31.4 29.6 28.3 27.8 27.9 28.5 ~

Cor.Coef.0.532 0.642 0.656 0.650 0.631 0.609 0.586 'M*
90%x Confidence Limita: Wt
(lower) 0.499 0.614 0.629 0.623 0.603 0.580 0.5%6 “*E
(upper) 0.563 0.667 0.681 0.675 0.6%7 0.636 0.6195 0
80% Confidence Limits:

(lower) 0.510 0.624 0.638 0.632 0.612 0.590 0.566 k-
(upper) 0.553 0.6%9 0.672 0.666 0.648 0.627 0.6058 5&1
70x Confidence Limits: »ﬁg
(lowar) 0.519 0.631 0.64% 0.639 0.619 0.597 0.574 et o
(upper) 0.545 0.652 0.666 0,660 0.642 0.620 0.598 V%&
%X Sig. 99.796 99.992 99.998 99,998 99.988 99.976 99.952

Part B. Correlation of Fluid Velocity with k%f
Dimensionless Transport, & (Eq. 4.9 iy

Mean 5.93 3.02 13.1 1.21 9.50 7.0% 5.02 vy
x10-4% x10-2 x103 x104 x106 %108 a8

St.Dev. 4.68 3.63 1.79 1.03 6.83 S5.0% 4.10 i,
x10-1 x102 %104 %105 x107 x109 R

Slope, m .322 4.40 8.85% 1.48 2.12 2.71 3.19 ig&
%x10"2 x10-4 x10-5 x10-7 x10-9 x10-11 KR

Intercept0.177 0.176 0.165 0.15%59 0.157 0.15%8 0.161 i,
Cor.Coef.0.615 0.639 0.637 0.613 0.579 0.549 0.524 .

90% Confidence Limitas: L
(lower) 0.586 0.612 0.609 0.584 0.%49 0.517 0.490

(upper) 0.642 0.665 0.663 0.640 0.608 0.580 0.55%6

80x Confidence Limits:

(lower) 0.596 0.622 0.619 0.5949 0.5%39 0.528 0.502 L
(upper) 0.633 0.657 0.654 0,631 0.%99 0.%69 0.545 -

70%x Confidence Limita: e
(lowear) 0.604 0.628 0.626 0.601 0.567 0.537 0.510
(upper) 0.626 0.650 0.647 0.624 0.%91 0.5%62 0.%37
% Sig. 99.980 99.992 99.990 99.980 99.940 99.868 99.748 oy

*: All n=0.5 moments predicted correct tranaport direction -
(onshore or offshore) 70% of the time, octher moments 100X, u“¢
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90% confidence. Furthermore, the correct prediction of

transport direction is only 70% for this moment, even
though a threahold criterion had been applied.

For correlationa with dimensional tranaport i, we
can only conclude at 90% confidence that <u>, <u2>, <u3>
are better moments than <u®> for predicting transport.
However, if we consider the correlationa with dimensionlessa
transport, more concluaions can be made. The moments <u>
and <u2> are better predictors than <u4>, <uS>, or <ub>,.
The moment <u3> ia a better predictor than <uS> or <u®>.
Aa wve shall see in Section S5, thia behavior will be
reflectead in our testa of bedload models. Models which
depend on tha <uS> and <ué> momenta to predict tranaport
will not perform well.

Finally, we attempted to determine the appropriate
combination of both crosshore and longashore fluid
velocities which should be used to compute crosshore
tranaport. Most models assume no crosshore fluid velocity
in their derivationa (i.a., normally incident wavesa).
Howaver, Bailard and Inman (1981) and Kobayaahi (1982)
auggeat that the total atreas acting on the hed dependa on
the total velocity vector, not just crosshore velocity.
The moment auggeated by Bailard and Inman (1981) ias
<(u2+v2)u>. We computed correlstions of various powvers of
this moment with dimensionlesa transport. 1In all caaes,

the correlations were almost identical to those in Part B
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of the table, in - hich longshore velocity was ignored.
However, the longshore velocities in our experiments were
auch ameller than the croashore velocitiea. Perhaps
experimenta in which u and v are comparable in magnitude
(i.e., in the surf zone) will be able to decide whether the
longahore velocity should be included in models predicting
crosshore transport (Equation 2.34) and vice versa

(Equation 2.3%5).
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S. DISCUSSION

2:1 __Parformances of bedload models

The 17 different bedlocad transport models detailed

in Section 2.3 were teated uaing the measured fluid
valocity aa input and comparing the coamputed tranaport
ratea (Appendix 7) with the rates measured with sand
tracer, averaged over both trecer colora (Appendix 6).

Moat of these models describe only crosshore transport, but
two of the models also predict longshore tranaport (Bailard
and Inman, 1981; Kobayasahi, 1982). Thaeare were 30 crosshore
tracer axparimenta with which to teat the 17 models and 25
longshore transport measurementa with which to teat the two
lengahore modals.

The principal input for the models was the measured
crosahore fluid velocity. The longshore fluid velocity wvas
alsoc used in computing both croashore and longshore
transportas froa the Bailard and Inman (1981) end Kobayashi
(1982) models. Seversl other parameters also appear in the
nodela. Tha paramatara beach alope 8, m»adian aand aize D,
internal angle of friction #, and fall velocity VW were
computed for each day’a experiments and are listed in Table
S-1. Beach alope and arocaion were cbtained from fathomaeter
and reference-rod measurements desacribed in Section 3.3,
and median sand size was found with the aieving methodas of
Section 4.3.1. Many investigatora (i.e., Bailard and

Inman, 1981: Kobayashi, 1982) have assumed an espproximate
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Table S-1. Sediment Parameters

Date Beach Median Internal Fall Erocaion
Slope Sand Size Angle of Velocity
J: | D Friction w
Mean St.Dev.

-
—_—(dagrees) (microns) <(deqgreas) (Cm/g) (gm)  (cm)
23Jun80 250 33.8 3.3 2.2 S.3

11Aug8o 218 32.2 2.9 0.2 1.3

12Sep80 182 30.3 2.0 1.4 1.8

29Sap80 190 30.7

3Aug84 177 30.0
10Augé4 O. 201 31.3
29Augé4 206 31.6
26Sep84 183 30.4

300cta4 162 29.3

B from methods in Section 3.3

D from aieve snalyais.

@ from Equation (S.1).

W from Equation (2.46)

Erocaion waa the average value from all reference rods

during each day’s axperimenta.
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value of 32 degrees for the internal-friction angle #, but
it is known (Sleasth, 1984) that this angle is slightly
dependent on grain size. In e seriea of underwvater
seasurenanta of the angle of repoae of different aand
sizes, Inman (1979) determined that the friction angle and
the median grein size could be related by:

s s 28.8 «+ 20 (D -~ 130) (35.1)

for the range 150 ¢ D ¢ 250 microna, where D ia in aicronas
and # in degreea. The resulting slight veriation in # for
the expariments is listed in Teble S-1. The fall velocity
waa computed from Equation (2.46) uaing varioua astatic
aaedinent paremateras.

All of the models except Hallermeier (1982) and
Yalin (1963) contain at least one undetermined coefficient.
For a liat of which coefficients appear in which models,
refer to Table 2-1. The coefficienta in the beadload modela
wvere either sssumed to be conatent for all experiments (cf
€h) or computed by the methods detailed by each author.
thua the coefficients ware in no way changed to £fit the
data. The coafficienta used in each of the models were
coaputed for each day’s experiments and are listed in Teble
5-2. The friction factor cg ia common to moat tranasport
nodela. It is meant to describe in aome manner the
intenaity of trensport. Since all ocur experiments deacribe
relatively asimilar intensities of ocacillestory carpet-flow,

we used the same cf for all our
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L
Table S-2. Coefficients used in Transport Nodels ot
. 61)‘_
Data Friction Slesth’as Madaen Dreg Bedload Einatein’s o
Factor Friction & Grant Coef. Efficiency Hiding N
& Lift Friction Factor e
cf Factor Factor g oL
£3 . Cu cp th =
23Jun80 0.007 0.0182 12.5 8.0 0.21 1.2 R
R
11Aug80 0.007 0.0168 12.05 9.7 0.21 2.2 i%
et
12Sep80 0.007 0.0175 12.9 11.0 0.21 1.8 {y
29Sep80 0.007 0.0182 12.49 10.3 0.21 1.6 R
N,
3Aug8e 0.007 0.0161 12.9 11.0 0.21 2.2 }&
‘ J:
10Aug84 0.007 0.0154 12.44 10.0 0.21 2.2 g
K
29Aug84 0.007 0.0112 12.21 10.0 0.21 3.4 :g
‘I'y
:
26Sep84e 0.007 0.0140 12.20 11.0 0.21 4.2 2&
s!‘y‘
300ct84 0,007 0.0091 12.29 12.0 0.21 6.8 f
W
.
csf was the value found by Thornton (1970) and the ﬁﬁ
e
average calculsted from Bailard’as (1981) values. '
[
€ph is the value found by Bailard (1981). '&s
ik
3
cp is obtained from Sleath’s (1984) Figure 3.1. ﬁ%
“tty
i
f1, Cq, and § were obtained from figures in Sleath .
l""l
(1978), Madaen and Grant (1976), and Abou-Seids m%
i'\ii
(1965), reapectively. b
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experiments. Therefore, in testing the bedload modelas, it
nakasa abaoclutely no difference what value we choose for cyg,
80 long aa it ia conatant. The variance in the mocdel
predictiona will be compared with variance in the tranaport
mneasurenenta, and the application of a conatant coefficient
can make no difference in the correlation. Nevertheless,
in order to obtain realistic numbers for the predicted
transport, we compared different satudies in which c¢ has
been measured in order to determine a reasonable value.
Bailerd (1981) estimated a value for c¢ in surf zone
carpet-flow conditiona. The only field date in Bailard’s
(1981) analysis with grain sizes similar to ocur experiments
ware Komar’as (1969) Silver Strand experimenta. Bailard
(1981) molved for cs valuea in a longahore current model
(Oatendorf and Madsen, 1979), using Komar‘’a (1969)
measurements of longshore currents. We averaged Bailard’s
(1981) values of cf for the Silver Strand beach (the only
beach with grain aizes asimiler to oura) to obtain a mean
ce=0.007. Thornton (1970) tested his longshore current
mnodel with field dats from one California beach and also
found @ ¢ value of 0.007. In view of this agresment, we
selected the same value for ocur experiments. The
coefficient £1 of Sleath (1978) includes both the friction
factor c¢ and an attempt to describe the lift forces on
individual graina. He includesa a figure in hia atudy for

detarmining £3.
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The factor Cy of Madaen and Grant (1976) is an
attempt to include threshold velocity in the model as a
coafficient rather then by subtracting a value froa the
£fluid velocity, aa ia done by most modelers. For surf zone
conditiona, Cy haa tha conatant value of 12.5, but for our

ﬁ leaa energetic experimenta, we coamputed Cy froa the

e

empirical table provided by Madasen and Grant (1976). The

drag coefficient cp was computed using Sleath’s (1984)
; Figure 3.1 which connects different theories for drag
coafficient computation.

The bedload efficiency ¢p used in both the Bagnold

R (1963) and Bailard and Inman (1981) modela was obtained
from & series of model tests uaing field data. Bailard
(1981) obtained a bedlocad efficiency of 0.21 with
leaat-aquares methods by compering the Bailard and Inman
(1981) model predictiona with messured surf zone transport

ratea. Juat aa with the friction coefficient c¢, choice of

a bedload efficiency will not effect the tests of the

transport models, since it is assumed not to vary between

experiments.

The final coefficient in Table 5-2 ia Einstein’s

> -

“hiding factor"™ which attempts to account for the fact that

aome graina “hide" beneath other grains in the boundary

layer. It waa computed according to the methoda of

o
v
4
§
[

"y

Abou-Seida (1965) and should be used in testing Einstein’s
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(1972) ocscillatory flow model, but will not be used here in

our test of his steady flow model (Einstein, 1950).

The tranaporta coamputed by each of the 17 models
for each of the 30 experiments are listed in the Appendix
as Tablea 8-14 through 8-17. A simple linear correlation
was performed between these trsnsports and the tranaports
measured with sand tracer (Table S5-3).

The slope m in Table 5-3 is a measure of the
accuracy of the coefficients in the model. A slope of one
would indicate an exact fit between the model coefficients
and the maan magnitude of tranaport in the experimenta.
Very large slopes for the Sleath (1978) and Hallermeier
(1982) models indicate that the coefficients in their
transport models seriously underpredict transport. This
waa expected, aince their models were calibrated with
laboratory experiments performed under extremely mild flow
'conditionn. The very small slopea of the Einatein (1950)
models were expected in this attempt to directly translate
ateady-flow modala to ocacillatory flow. The real aurpriase
in the alopa resaulta waa the cloaaneas to a alopa of one
for the Bagnold (1963), Bailard and Inman (1981), and Hanes
and Bowen (1985) models. Conaidering the degree of
uncertainty in arriving at appropriate valuea for the
friction coefficient and the bedload eafficiency, it ia
remarkable that these coefficientas produced resulta within

1 to 3% of the correct transports, as measured by sand
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Table S5-3. Performance of Bedload Nodels
Part A: u3 Nodela
Model
Mayear-Peter Bagnold Yalin Bailard & Kobayashi
& Nuellar(1948) (1963) (1963) Inman(1981) (1982)
with ug with ug
Mean Tranaport4.2S 3.06 2.88 20.36 0.27 0.77 -0.49
St. Daviation32.48 27.37 26.%94 167.01 26.40 25.63 6.58
Slope, = 0.836 1.013 1.004 0.167 1.024 1.064 3.817
Intercept, b 28.11 28.%6 26.01 34.93 31.38 30.84 33.52
Cor.Coef., r 0.629 0.643 0.618 0.647 0.627 0.632 0.3583
90% Confidence Limita:
(lover) 0.601 0.616 0.590 0.620 0.9599 0.604 0.383
(upper) 0.656 0.668 0.64% 0,672 0.68S 0.658 0.612
80% Confidence Limits:
(lower) 0.611 0.62% 0.599 0.629 0.608 0.614 0.%63
(upper) 0.647 0.660 0.636 0.664 0.643 0.650 0.602
70% Confidence Limita:
(lower) 0.618 0.632 0.607 0.636 0.616 0.621 0.572
(upper) 0.640 0.634¢ 0.629 0.658 0,638 0.643 0.394
X Sig. 99.988 99.992 99,982 99.999 99.986 99.99 99.948
% Cor. Dir. 96.7 86.7 100 96.7 83.3 100 70.0
Part B: u4 and uS Ncdels
Model
Sleath Hallermeier Hanes & Bowen
(1978) 1982) (198%)
with ug with ue
Mean Tranaport 0.11 0.13 0.13 2.3% 2.48
St. Daviation 0.68 0.93 0.92 24.47 24.74
Slope, = 38.97 30.21 30.57 1.028 1.03%
Intercept, b 27 .51 27 .69 27 .64 29.2% 29.10
Cor. Coaf., r 0.616 0.651 0.651 0.583 0.594
90% Confidence Limita:
(lower) 0.588 0.624 0.624 0.95%9% 0.%566
(upper) 0.643 0.676 0.676 0.611 0.622
80x Confidence Limita:
(lover) 0.5%597 0.633 0.633 0.56% 0.576
(upper) 0.63% 0.668 0.688 0.601 0.612
70% Confidence Limits:
({lower) 0.60% 0.640 0.640 0.372 0.%583
Cupper) 0.627 0.662 0.662 0.3594 0.60S
%X Significence 99.982 99,999 99.999 99.948 99.962
% Correct Dir. 96.7 100 100 100 100
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Table 5-3. Performance of Bedload Models
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Part C: ué and uf NModela
Model
Nadsen & Grant Shibayams & Einstein
(1976> Horikawa (1980) (1950)

with ug with ug with ug
Mean Trana. 2.74 2.76 4.16 4.13 216.8 622.10
St. Dev. 40.07 40.01 60.90 60.87 952.0 8%540.0
Slope, = 0.6060 0.60%51 0.3987 0.3989 0.0164 0.00332
Intercept 30.00 29.99 30.00 30.01 28.00 29.59
Cor. Coef. 0.563 0.561 0.563 0.563 0.362 0.658
90% Confidence Limita:
(lower) 0.33% 0.833 0.33% 0.53% 0.334 0.630
(uppar) 0.391 0.3589 0.591 0.391 0.390 0.686
80x Confidence Limitae:
(lower) 0.545 0.543 0.543% 0.54S 0.344 0.640
(upper) 0.581 0.579 0.581 0.381 0.380 0.676
70% Confidence Limita:
(lowar) 0.9592 0.550 0.3552 0.9552 0.351 0.647
(upper) 0.574 0.3572 0.574 0.574 0.373 0.669
X Sig. 99.906 99.902 99.906 99.906 995.104 99,999
X Cor.Dir.93.3 93.3 93.3 93.3 80.0 100

Part D: Longahore Tranaport Models

Model

Bailard & Inman (1981) Kobayashi
with ug (1982)

Mean Tranaport -0.017 0.304 0.269
Standard Deviation 6.14 4.10 4.53
Slope, a 0.3855 0.1059 0.9086
Intercept, b -8.81 -9.30 -9.06
Cor. Coef., r 0.077 0.014 0.13%
90% Confidence Limita:
(lowar) 0.022 -0.041 0.081
(upper) 0.131 0.069 0.189
80% Confidence Limita:
(lowar) 0.041 -0.022 0.099
(upper) 0.113 0.0%50 0.170
70%x Confidence Limita:
(lowear) 0.099% ~0.008 0.113
(upper) 0.099 0.036 0.157
%X Significeance 28.2 5.0 47.4
% Correct Direction 80.0 68.0 88.0

N
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Table 5-3. Performance of Bedload Models
Part E: Bagnold’s (1963) u ug?2 Oscillatory Model
I--No threshold applied--||--Threshold applied--1|

Method of computing up (described below)
#1 #2 #1 #2

Mean i 1.491 0.280 0.697 -0.371
St. Dev. 11.13 40.17 10.41 32.37

Slope, m 2.193 0.639 2.662 0.830
Intercept 28.39 31.48 29.81 31.97

Cor .Coef . 0.567 0.3%59% 0.643 0.623
90% Confidence Limita:

(lovar’ 0.%522 0.5%0 0.%98 0.578
(upper) 0.612 0.640 0.688 0.668
80% Confidence Limita:

(lower) 0.537 0.563% 0.613 0.%593
(upper) 0.597 0.6235 0.673 0.633
70% Confidence Limits:

(lower) 0.552 0.380 0.628 0.608
(upper) 0.582 0.610 0.638 0.638
% Sig. 99,92 99.96 99.992 99.986
% Cor Dir 76.7 76.7 100 100

Source #1: Surfece-corrected wave heaights (Table 4-1)
Source #2: 2 times (total velocity variance from current
netar)9:5 (Teble 4-2)
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tracer. We can only conclude that Bailard (1981) did a
very good )ob of solving for the best value of these
coefficienta with field data.

The significance of the intercept between the mean
predicted transport and the mean measured transport appearas
to be related to the messured trangport, since it is
approximately conatant for all models. Disagreement in the
tranaport values between the two different colors of tracer
waa interpreted as initial offaet in tranaport. That is,
there may have been an initisl artifical transport of
tracer, induced by the 1 cm high bump in the bottom
topography cauaed by the tracer placement. This
interpretation appeara to be confirmed with the tranaport
model tests. The intercept is remarkably constant for the
different tranaport model predictiona. Since the models
are quite different from each other, we must conclude that
the intercept ia relatad to some offset in the tracer data.
We again emphasize that this will have no effect in judging
either the performance of tha mcdela’ functional fora
(wvhich uaea tranaport variance) or in judging the adequacy
of tha model coefficienta (which waa meaaurad by the slope
of the correlations). This error in measurement presumably
caused by initial motion has been separated aa an intercept
in the correlations.

The percent significance listed in Table 5-3 ia a

teat of the null hypothesis. That is, the percent listed
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is the amount of confidence we have that the model is in
somRe way correlated with messured transport.

There are two valuas in the table which tell ua how
wall each model performed. The "X correct direction™ is an
indicetion of the percent of experimenta for which the
mnodel predicted the correct sign for the trensport, i.e.,
onshore or offshore. Clearly this is of great iamportance.
One very clear result is that the application of &

, threshold criterion (for initiation of sediment motion) is
‘ often necessery to obtain the correct direction of
transport (i.e., the Bagnold (1963) and Bailard and Inman
(1981) modela). In the correlation tesats of Section 4.3 v

(parforaad directly between powers of fluid velocity and

o S

the measured trenaport), we determined that application of
X a threshold criterion was necessary to obtain the correct
: transport direction in all experiments, regardless of which ﬁg
moment was being tested. In the case of individual
tranaport modela, thia wes also often true. iy

The psrameter in Table S-3 which describes the 0

P

ability of each model to correctly predict transport is the
correlation coafficient. It matchesa the variance in the iﬁ
neasured transports with the variance in the nmodal ﬁﬂ
predictions. In general, the correlation decreases as the

povwar of tha fluid velocity incresses. That ia, the models s

e e A tm e @ e
-
—
-

which use high powers of fluid velocity such as uS or ué n

perfora poorly compared to models uaing ud or u4. By
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comparing the correlstion coefficients we can deteramine
which acdela parfora batter then othera. However, wa are
working with a limited number of empirical date points.
This meaans that differences in correlation coefficients
between the models may not be statistically significant.
In order to make statistically significant conclusions
regarding relative model performances, we must consider
confidence limits on the correlation coefficients.

The 90%, 80%, and 70% confidence intervals eare
listed in Table S-3, If the confidence intervals for two
aodala do not overlap, then it ia poaaible to conclude that
one model performed better than the other. These
concluaiona are prasantad aa 90X and 80X confidencea in
Tabla 5-4. Each of the modela ia listed in the table along
both thae left and the top of each central box. Inaide the
box is & matrix of all posaible coabinationa of any two
modela. Whenever a conclusion regarding the relative
performsnce of two models is possible, an arrow is placed
in the matrix pointing to the better model. The asteriaka
indicate which models predicted transport direction
corractly 100x of the time, which is ealsoc of isportance in
judging model performance. At 80X confidence, additional
concluaions are available and are indicated by double-lined
arrows in the 80% confidence matrix in the lower half of

the tabla.
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N

Table S5-4. Conclusions on Transport Model Performances 'y

P

Part A. Concluaions at 90% Confidence

KEY: Arrow points to the better modal. !
#: Model predicts correct tranasport direction for ‘
all experiments. &

th: threahold criterion applied !
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Tabla 5-4. Concluaions on Tranaport Model Performances
Part B. Conclusions at 80X Confidence

KEY: Arrow points to the baetter model.
#: Model predicta correct tranaport direction for
all experiments.
th: threahold criterion applied
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The conclusions made in Table 5-4 {nform us as to
which models work best. Since we know what assumptions and
what tranaport physics are present in each of the models,

it is also possible to make some conclusions regarding the

basic assumptions in each of the models. In general, we
o can conclude that lower momenta of the fluid velocity (u3
% and u4) work better than higher moments.
' We can conclude that overdetermining the transport
f physics by including more variablea than are necessary to
§ deacribe transport (Kobayashi, 1982) can have detrimental
effecta on model performance. Kobayeahi’a model is
. extremely complicatad and contains many vaeariablea. Its
, perforsance wvaa quite poor compared to other u3 models
- and wes the poorest of all the models in predicting the
& correct direction of transport.
4 A conclusion regarding the relative importance of

the two ut models (Sleath, 1978: Hallermeier, 1982) becomes

ﬁ available only at 79% confidence. Hallarmeier’a modal

L)

i

W

i performs better than Sleath’s at that level of confidence.

But the difference in functional form between those two
% models ias the inclusion of a measure of 1lift forces in
l Sleath’a formulation., With 79% confidence we can aay that
either Sleath erred in the manner in which he included 1lift
K forcea, or thay are not a very important part of tranaport

i phyaica. The Sleeth and Hallermeier modela are the only

modela teated which contain the wave orbitael diameter aa
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one of the variables. The Hallermeier model perforas
battar than any of the uS or ué modela, but it ia unclear
vhether this is due to a difference in the pover of u used
or due to thae incluaion of the orbital dismetar in the
tranaport equation.

Since the Henes and Bowen (19835) model is the only
one which includes details of the physics within the moving
bed, it was hoped that it would perform well. At 80%
confidence, most of the u3 and ut models performed better.
One explanation for poor performance of this model is that
it waa intended to describe very intense unidirectional
flowa and may not be epplicable to the relatively low
tranaporta occurring in the nearshore. Anocther poaaible
explanation isa tha fact that many asaumptiona regarding the
behavior of the many coefficients in their model were amade
by Hanaa and Bowen (1983) in order to obtein a simple
numericel approximation of the transport coefficient for
their model. The various paraseters in their model which
they reduced to one simple number may be variables which
are not yet well understood.

The poor performance of the u® models is clear even
at 90% confidence. These models are empirically based on
laboratory experiments. Unleas reasonsble theoretical
juatificetiona and axperimental verification can be

obtained for theaa modela, thay should be rejected.
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The behavior of the Einstein (19350) model, tested vy,

both with and without a threshold criterion, is quite K8
intereating. Without a threshold criterion it is clearly g
the worat model axemined. Yet with a threshold it haa the K
higheat correlsation of all the modela teated. Why should fﬁ
thare be this wide disparity in behavior? The final ;3
formulaetion of the Einatein model ia unique in only one 5
way. It allows a variesble power of u in its tranaport
relation. As the intensity of transport increases, the i
appropriate power of u incresses. Such variaebility in the o
exponent would tend to exaggerate the effect of a threshold
criterion, eince the velocitiea lowver than threshold which
have been removed were alsc subject to variable
exponentiastion in the original model. Furthermore, the _J
significant correlation obtained with the threshold ‘ﬁ
Einatein model taella us that it is quite poasible that N
Einataein’a poatulate of increasing powar of u with
increasing tranaport may be correct. Nevertheless, this 29
postulate is by no meana proven with our data, since ,
Einstein’s model does not perform significantly better than
most u3 models at 90% confidence (Table 5-4). i
Bagnold (1963) suggeatad replacing the u3 moment in s
hia model with u ug2, if it were applied to oscilletory
flow. He postulated that the bottoam stresa might be Y,
proportional to tha maximum orbital velocity aquared, ug2, o,

reather than the ocacillatory velocity aquared. We compared

o"_ )
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both formulations in our model tests. In Part A of Table L
S-3 the u3 moment ias used, whereas in Part E the u up? b
nomaent ia uaad. The moment uy waa computed using both T

methods of Tablaes 4-1 and 4-2. Comparing the methods for

ArESNINND
P

the case in which no threshold criterion was used, we

conclude at 90% confidence that uup? performed lesa well e

T -

than u3 for the case of pressure-sensor derived ug and at

N S

the same leval of statiatical performance for the case of AN
current-meter derived uy. For the cases in which threshold

criteria were applied, no atatistically aignificant

difference in performance was observed between the two
momanta at 90X confidence. For our data set the choice SR
betwaen u2 and up? for the bottom atress apparently makes o
no atatistical difference.

In addition to the correlations preasented in Tablea Wy

B
5-3 and 5-4, we alaso plottad the 30 predictiona of computed :$§
Sl
Yo lih
versus measured transport for each model (Appendix 1). The ﬁ*{
dashaed line in eeach figure ies a line 0of alope one and thus ﬁ:;

a measure of the model coefficient performance. However,

we caution against attempts to visually conclude how well o

each model perfsras, asince the functional form of each 'wﬂ
o
model can be judged only by correlsting the variance in ;ﬁg
-'Q‘ |;‘ :
A
neaauraed and predicted transporta. Mg
The longshore bedload trenaport was computed from :ﬁﬁ
Wt
the Bailard and Inman (1981) and Kobayashi (1982) models :é?
G
L}
uaing 25 experimanta. Thea correlationa with meaauraed ﬁ#
b}
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‘ﬁ:“‘i
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o
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longshore transport appear in Table 5-3, Part D. The

longshore transport models all performed quite peoorly. The
tranaport direction was often incorrect (north or south).
The correlation coefficients for the models were all less
than 0.2, indicating very little correlation with measured
tranaport. However, the tracer sampling grids were
designed to measure crosshore, not longashore transport.
There were considerably more sample points in the crosshore
than the longshore direction. The low correlations in
Table 5-3 for the longshore tranaport modelas may indicate
that longshore aampling was inadequate rather than poor
nodel performance. Thisa ia confirmed by the finding that
the Bailard and Inman (1981) crosshore tranaport model ia
one of the better models. The mechanics and assumptions
used in the derivation of the crosshore and longshore
acdela was exactly the same. Physicelly it would make no
sense for the croashore model to perform well and the

longahore model to perform poorly.

3.2 Recommendations for using bedload models

Based on the information in Tables 35-3 and S5-4 we
make the following recommendationa for application of each
model in oacillatory sheet-flow/carpet-flow conditions.

Meyer-Peter and Mueller (1948), Equation (2.16):
Change the modal coefficient from 8 to 6.7, and use

cs£=20.007.
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Yalin (1963), Equation ¢2.21): Change the model Al
coafficient from 0.633 to 0.106.
Bagnold (1963), Equation (2.32), and Bailard and N
Inman (1981), Equation (2.34): Apply a threshold criterion o
(Equation 4.4);: use c¢=0.007 and Bailard’as (1981) esatimate
of &p=0.21. s

Kobayashi (1982>, Equation (2.36): This is not e
recommended for use due to poor prediction of tranaport
direction. If used, change the model coefficient from 1.69%5 -
to 6.30, and use c£=0.007,

Sleath (1978), Equation (2.38): Change the model
coefficient from 47 to 1832, replace f3 with cf, and use td;
c£+0.007. e

Hallermeier (1982), Equation (2.39): Change the
model coefficient from (1031.5231.6 to 95S. e

Hanea and Bowan (1985), Equation (2.41): The use ;QF

of thia very simplified veraion of their model is not

racommended for use due to poor correlation with measured ?F
ta
transport. If used, no chanae in the model cocefficient ia &3

necessary. Use c£=0.007.

Madaen and Grent (1976), Equation (2.45), and ;ﬁg

o

Shibayana and Horikawa (1980), Equation (2.48): Do not ,Eﬁ
R

use. Correlations with measured transport are extremely 2;
LNA)

poor. If used, apply the threahold condition of Equation g@
(4.4) rathar then Madsen and Grent’a incluaion of threahold %&

in a variable coefficient. Changa Madaen and Grant‘’s

5600
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coefficient of 2 Cy=25S to 15 and Shibayama and Horikawa’s
coefficient of 38 to 15, Use c£=0.007,

Einstein (1950), Equation (2.30) and his empirical
curvea: Do not uae without firat applying a threshold
criterion (Equation 4.4). Multiply computed tranasports by

0.0033, or apply a friction coafficient such aa c¢=0.007.

n = »
In Section 2.2 we derived a transport model by
determining each of the variables necessary to describe
sediment transport, applying dimensional analysis
techniques, and arriving at an expression for transport.
This expression was placed in a form which gathered the
variables into well-known nondimensional ratioas of

fluid-aediment parameters. The model is repeated here:

i 2 o3 och
# =g R © S (p/pg) (5.2)

in which the «’a are all undetermined. The tranaport & and
each of the three variablea is nondimenaional. The
Reynold’s number R ia a ratio of inertial to viscous
forcea. Tha Shields’ number 6’ is a ratio of drag and
gravitational forcea. Many transport modela contain only
the Shields’ number as their predictor of tranaport (Hanes
and Bowen, 1985; Madsen and Grant, 1976; Shibayama and
Horikawa, 1980). The Strouhal number S is the ratio of
drag to inertial forces. Both R and S contain inertial

forcea. If they are multiplied togethar, we would obtain a
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third type of dimensionless force ratio, the ratio of drag v
Y to viscoua forces, known as the “streaming'" Reynold’s o

nuaber, Ra. The ratio (p/ps), "apecific masa,™ is a KX

0 %
%' neasure of the relative inertias of the aediment and fluid %E
:i components and does not vary in our experimenta. Therefore Eﬁ
y we will be unable to determine any variation of tranaport ;§
§ with apecific maass in our datas. h?
B The values of varioua nondimenaional force ratioca u$
ﬁ’ were computed for each of our experimenta using threshold ﬁ:
2 criteria (Equation 4.4) and are listed in Table 5-5. S§
¢ A0
ii Recall that the fluid measurements for 29 September 1980 j?
@ were loat. Thus R, Rg, and O could not be computed for .Qi
. that day, and wa did not use the transport data from that b

' -
e

experiment to test models. The Irribaren number is a

g paramater which many inveatigatoras have found to be ?E
‘ ¢
%i important in surf zone studies (i.e., White and Inaan, $?
i 1987b). It is a measure of the amount of energy reflected ,Q:
» from the beach fece. Since it ia more applicable to surf .$:

-
-
s
-

W -
o

ooy A
it s

zZzone atudiea nearer the beach face, wvea will not uae it in

conjunction with our meaauresenta cutaide the auri zone.

In order to determine the valuea of the exponentsa

e o
T Y

o -
- “ﬂ"‘

in Equation (35.2), we computed correlations between

measured nondimensional transport and various powvers of

- -
Py

each of the three nondimenaional force ratioa R, Rg, and

6’. The results are presented in Table 5-6. 1In each case

the best correlation was cbtained for the power which
»
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" Table 5-35. Nondimensional Ratios of
K Fluid-Sediment Parsmeters

Experimant Reynold’a Streaming Strouhal Modified Irribaren

ﬁ Nuaber Raynold’a Number Shielda’ Number
o Number Number
;I: R Ra S o’ Crb
i
o 23 Jun 80 2.43 23300 9600 2.19 0.026
K] 11 Aug 80 0.210 3580 17064 0.157 0.235
;5 12 Sep 80 0.199 3320 16703 0.179 0.120
;Q 29 Sep 80 21108 0.111
i)
5!

' 3 Aug 84 -11.43 -115000 10056 14.15 0.018
" 10 Aug 84 11.17 853500 7662 11.53 0.010
K 29 Aug 84 -11.97 -65100 S437 7.28 0.053
o 26 Sep 84  6.19 50700 8197 5.60 0.072
R 30 Oct 84 0.879 3960 4506 1.01 0.042
i
X Definitiona:
4
v R = <y>D
&
K v
nY Ra = <u2dn
- v
" S = do

D

::: 0’ = p<u2>
:’:' ‘Y-D
i crb = 29 _tap2?4

' H o2
"!

]
:y A threahold haa been appliad to <u> in computing
:W R, Rg, and ©’:
* <u> = <u> for all ut > ug
Ry = 0 for all uTr < ug
B
.'|
g
;'l
il
\ Q)
o
b
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Table 5-6. Reynold’s and Shields’ Numbers Correlation
with Transport (A threshold haa been applied.)
Part A. Raynold’a Number, R, Correlation
with Dimensionless Tranasport ¢
Moment <RN>
n= 1 —2 3 L 1 S_ 6
Mean 0.126 32.1 2.94 2.35 1.80 1.36
x103 x105 x107 %109
St. Dev. 6.45 320. 1.86 1.24 9.24 7.48
x104 x106 x107 x109
Slope, m 0.0249 S.00 8.22 1.15 1.46 1.72
x10-4  x10-6 x10-7 x10-9 x10-11
Intercept 0.174 0.161 0.153 0.15%0 0.151 0.153
Cor. Coef. 0.644 0.641 0.612 0.573 0.540 0.515
90% Confidence Limita:
(lower) 0.617 0.613 0.583 0.542 0.3507 0.481
(upper) 0.670 0.666 0.639 0.603 0.571 0.548
80x Confidence Limits:
(lower) 0.626 0.623 0.%593 0.553 0.519 0.493
{(upper) 0.661 0.658 0.630 0.593 0.561 0.537

L 70% Confidence Limits:

4 (lower) 0.633 0.630 0.600 0.561 0.527 0.502
(upper) 0.655 0.651 0.623 0.586 0.533 0.529
X Sig. 99.992 99.992 99.978 99.930 99.832 99.380

Part B. Streaming Reynold’a Number Rg Correlation
with Dimensionless Transport ¢
Moment <RgR>
n_= 1 2 3 4 S 6
Mean 3.47 3.45 2.70 2.03 1.50 1.10
x103 %105 x107 x109 %1011 %1013
St .Dev. 4,99 2.66 1.63 1.13 8.%8 7.04
%104 %106 x108 x1010 %1011 %1013
Slope, n 3.18 $.77 8.88 1.20 1.50 1.75
%10-6  %10-8 x%10-10 x10-11 x10-13 x10-15S
Intercept 0.166 0.157 0.153 0.152 0.154 0.138
Cor.Coaf. 0.636 0.616 0.581 0.544 0.9515 0.49%
90%x Confidence Limitsa:
(lower) 0.608 0.587 0.550 0.9%11 0.481 0.4%59
(upper) 0.662 0.643 0.610 0.379%5 0.%547 0.528
80%x Confidence Limits:
(lower) 0.618 0.597 0.%561 0.522 0.493 0.472
(upper) 0.633 0.634 0.600 0.564 0.536 0.316
70% Confidence Limits:
(lower) 0.629% 0.604 0.%68 0.530 0.501 0.480
tupper) 0.647 0.627 0.%593 0.5%6 0.528 0.508
s Sig. 99.990 99.980 99,944 99.848 959,692 99.504
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Table $5-6. Reynold’a and Shields’ Numbers
Correlstion with Transport
(A threshold has been applied.)

Part C. Modified Shields’ Number 6’ Correlation
with Dimenaionless Transport ¢

Moment <ON)>

n_= 1 2 < 4 - -3
Mean 9.83 8.89 6.27 2.34 S.14 8.22
x10-2 x101 x104 x108 x1012 x1016
St. Dev. 7.8% 2.1% 7.78 3.%56 2.02 1.40
x10-1 x103 x106 %1010 x1014 %1018
Slope, m 2.10 7.09 1.80 3.68 6.13 8.36

x10-1 x10-5S x10-8 x10-12 x10-16 x10-20
Intercept 0.197 0.183 0.178 0.178 0.180 0.184
Cor. Coef. 0.659 0.610 0.%60 0.52% 0.498 0.470
90% Confidence Linits:

(lower) 0.633 0.581 0,528 0.492 0.463 0.43%

(upper) 0.684 0.638 0.590 0.557 0.531 0.505

80% Confidence Limits: .
(lower) 0.642 0.591 0.539 0.503 0.475 0.447 e
(upper) 0.676 0.628 0.580 0.3546 0.520 0.493 o
70% Confidence Limits: i
(lower) 0.649 0.598 0.547 0.512 0.484 0.456 o
(upper)> 0.670 0.622 0.573 0.538 0.3512 0.485 5

X Sig. 99.998 99.976 99.900 99.756 99.548 99.196 e
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contains the first power of the fluid velocity. Smaller
fractional powers of each parameter were also attempted,
but jusat aa we found in Section 4.2, correlationa werae
quite poor. Furthermore, the predicted direction of
crosshore tranaport waa often incorrect when fractional
powers of u were used.

By examining the confidence intervals of the
correlationa, we can conclude with 69% confidence that the
firat power of the atreaming Raynold’a number Rg is better
than other powera of Rg, with 89% confidance that the half
power of O’ is better than other powers of ©’, and with 75x
confidence that the correct power of the Reynold’a number
nust be either one or two. We can further conclude with
70% confidence that the Shields’ number is a better
predictor then stresming Reynocld’as number. Values of the
wave orbital diameter needad to compute the Strouhal number
S did not vary aignificantly during the course of each
day’s experiments. Thus there were only eight data points
for anv correlation between Strouhsl number and tranaport,
Thia ia an inaufficient number to obtain correletiona with
aufficiently narrow confidence intervala to enable
conclusions regsrding the appropriste power of S in
Equation (S5.2).

Each of the three variebles in Table 5-6 may be
used aealone as & predictor of sediment transport. The

appropriate transport equations are:

[)
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¢ = 0.210 <0°1/2> + 0.197 (5.3)

$ = 00,0249 <R> + 0.174 (5.4)

# = 3.18x10°6 <Rg> + 0.166 (5.5)
Juat aa with correlationa of the tranaport modela in
Section S.1, we caution that the intercepts in Equations
(5.3), (3.4), and (5.5) may be due to errors in tracer
measurementa., Plots of mesaured versus predicted transport
for the three variables in Egquations (5.3), (5.4), and
(5.%9) are included in Appendix 1.

We have determined the appropriate powers of R, Rg,
and ©® for tranaport prediction, if each of theae variables
alone were to be usad as a predictor. But when they are
combined aa in Equation (5.2) there are intercorrelationa
among these three variables. Whaen their product in
Equation (5.2), RSv9, is correlated with tranaport, the
intercorraelationsa may result in leas correlation with
tranaport $., In fact, the correlation for auch a model waa
found to be 0.%82, somewhat lesa than for one of the
veriables alone. We need to perform a multiple linesr
regresaion on our set of variables, in which the variables
are all varied at the same time in order to detarmine the
beat posasible combination for predicting transport. We
parformad multiple regreasions on these variables, and it
was discovered that combinationa of the variablea could not
ba found which had atatiatically aignificent higher

correlations with transport than R, Rg, or © alone. The
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reason for this is that we have a statistically large
nuaber of maasurea of only two parameters, tranaport and
£fluid velocity. Nondimensional parameters such as R, Ra,
or O contain fluid velocity and verious other varisbles for
which we have at moat eight estimatea during the
experimenta. Parameters such as orbitasl diameter, grain
size, fluid viscosity, and sediment density did not vary
significantly enough to produce a statistically large
amount of variation. Any attempt to correlate combinationa
of these parameters with tranaport simply emphasizes the
fact that our only statiatically significent independent
variable is fluid velocity.

Wa present the model in Equation (5.2) to future
inveatigatora. It containa all the macroacopic variables
necessary to determine sediment transport and aeparates the
different types of physical forces into nondimensional
paramaters. In order to properly test it, sufficient
variation muat occur in some of the dimensional variables.
Any one data set is unlikely "o contain such veriation.
Perhaps after a sufficient number of investigators have
perforased tranaport experimenta in aufficiently different
conditionas, we can determine the appropriate functional

form for each of the independent variables.
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6. CONCLUSIONS

The set of 30 experiments, which included
neasurananta of fluid velocity, bedload thicknesaa, and
bedload velocity, allows several conclusions to be reached
based on linear correlationa between the different
variables. Correlations between both computed quantities

(from bedload modela) and measured variables enable us to

mnake concluaiona about the behavior of transport thickness,
transport velocity, friction factors, transport b
aefficienciea, threshold criteria, appropriete functional ?ﬂ
forma of bedload modela, relative importance of different

phyaical forceese, reguired accuracy in measurements, and the
relative performance of different bedload tranaport models. i

Specific recommaendations for the use of each bedload model

are liated in Section 5.2. '%
rg
b

1. The thickness of the bedload does not correlate ,&
wall with wave heaight or fluid velocity, as haa been A
auggested by others (Sunamura and Kraus, 1985). But the it
tranaport thicknesa ia very well correlated with orbital K
dismeter. -

2. The application of a threshold criterion to the o
fluid velocity ias sssential in determining the correct o
direction of sediment transport (onshore or offshore). But o
the different threshold theories tend to agree well enough X
that in practice, it doea not matter which of the threshold X

theoriea ia uased. W,
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3. Lower powers of the fluid velocity predict
aediment tranaport better than higher moments. With 90x%
confidence, we conclude that <u> and <u2> moments are
better pradictora than <u4>, <uS>, or <ub>. Alac at 90%
confidence, <u3> predicta better than <uS> or <ub>.

4. Fractional powers of u auch as <u9-:5> performaed
aignificaeantly poorer than any other moment tasted. At 90x%
confidence it performa morae poorly than <uld> with n=1 to S.
Furthersore, it predicta the correct direction of tranaport
for only 70X of the experimaenta, wheraeaaa <uf> for all n=1
to 6 always predicts the correct direction.

S. Accurate meaaurement of fluid velocity,
particularly the mean which ia included in all transport
modaela, ia critically important in determining transport
direction. In fact, it is much more important than the
choice between lower-order momenta (u3 and ut transport
modeala).

6. Tha performance of u3 aa a transport predictor
waa compared with thae same-order momenta of uug? Beayawid,
1963) and u(u2+v2) (Beilerd and Inman, 1981)>. No
atatistically aignificent difference in performance waa
cbsearved. In the cese of u(u2+v2) thia waa due to the very
anall valuea of v in our dats.

7. The combinsetion of Bailerd’a (1981) estimate of

bedload efficiency &p=0.21 with c£=0.007 (beaased on both

Thornton’a (1970) and Komer’s (1969) longashore current

]
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measursaental] were in remarkably good agreement with the
neasaurenants in thia experiment (1-3X error).

8. Including more variables in transport modelsa
than are nacessary (Kobayaahi, 1982) resulta in aignificant
deterioration in model performance, in addition to
increased experimental effort and thecretical complication.

9. With 79% confidence we conclude that either
lift forcea are not important compared to drag forcea in
tranaport calculationa, or lift force deacription was
performed improperly (Sleath, 1978).

10. With 80X confidence we conclude that the Hanes
and Bowen (1985) model performed aignificantly less weaell
than several other modela. This may be due to insufficient
knowledge of their many model parameters, inapplicability
to our data of the very intense type of tranaport deacribed
by them, or different flow regimea.

11. With 90% confidence we conclude that the u®
tranaport models (Madsen and Grant, 1976; Shibayama and
Horikeawa, 1980) performed significantly poorer than most
other modela. These empirical transport models should not
be usaed, unleas significant experimental and theoretical
verification are obtained.

12. It ia poasible that n in i « <uf> {s a variable
and not a conatant. Allowing n to vary (Einatein, 1950)
produced high correlationa, although not atatiatically more

aignificent than u3 models. The posaibility that n

1
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increases in a specified mannar as i increases ashould be
conaidered by modelers.

13. Reynold’a number, streaming Reynold’s number,
and particulerly Shielda’ number are each significant
predictora of tranaport.

14. More experiments under widely varying
conditiona are necessary to determine transport’a
dependance on fluid viascosity v, specific masa pg/p, wave
orbital diameter do, and grain size D. Such experiments
would also allow determination of the proper combination of
nondimenaional force ratioa, such aa Reynold’a, Shields’

and Strouhal numbera, in predicting tranaport.
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APPENDIX 1: Measured versus Predicted Transport

For each of the bedlcad models tested in this study,
the 30 deta points of predicted versus messured tranaport
are plottad. In some casas both the original model and the
model with threshold criterion were tested. For these
modala, the original model data are plotted as solid dots,
and the model with threshold criterion are plotted as open
circlea on the seame figure.

A slope of one is indicated on the figures by the
dashed line. How closely the data approach a slope of one
ia & measure of the sccuracy of the model coefficients, but
not of the functional form of the model. The functional
fora ia teated with the correlation coefficients in Table
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Figure 8-1. Meyer-Peter and Mueller (1948) and

Kobayashi (1982) models.
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YALIN MODEL
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BAGNOLD MODEL
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Figure 8-4, Sleath (1978) and Hallermeier (1982) models.
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EINSTEIN MODEL
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Figure 8-7. Einatein (19%50) model.
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STREAMING REYNOLD'S NUMBER MODEL
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APPENDIX 2: Trensport Thickness

Both meana () and standerd deviations (o) s

of 2o ere liated for each of the following estimators:

“Crickmore profile” (no negative concentrstion gradients) L g
applied to:
A: 2o = 2L(N(2) zZ1/EN(2) (White and Inman, 1987a)

B: 20 = EIN(2) AZ)/Npgx (Crickmore, 1967)

Original concentration profile applied to:

C: 80% cutoff (Kraus et al, 1982)

-y
D: 90% cutoff (Kraua et al, 1982)
E: 1.0 graina/gram penetration (Inman et al, 1980)
F: 0.3 grains/gram penetrstion (Inman et al, 1980) -
G: 2o = 2EIN(z) 21/7DN(2) (Inman et al, 1980)
H: Maximum penetration (King, 1951; Komar, 1969
ok
.
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Table 8-1. Summary of Treansport Thickneas, 2°.
for Red Tracer (295 total asemples)

Boath meana () and atanderd deviationa (o) of 2o ere liasted |
for each of the following eatiaatora:

“Crickmore profile” (no negative concentration gradients)
applied to:

A: Zo = 2EIN(=) zZ)/EN(Z) (White and Inman, 1987a)

B: 20 = EIN(2) aAz)/Npgax (Crickmore, 1967) t 8
Originel concentration profile applied to: :
C: 80% cutoff (Kraus et al, 1982)

D: 90% cutoff (Kraus et al, 1982)

E: 1.0 greina/gram penestration (Inmen et al, 1980)
F: 0.3S graina/gram penetration (Inmen et al, 1980)

G: 20 = 2EIN(z) 2)/IN(2) (Inmen et al, 1980)
H: Meaximum penatration (King, 1951: Komar, 1969)
Date Nuaber Transport Thickness Estimatea (cm)
—_—f Cores A R c D E F G H .
Part A: Red Tracer (295 total samples)
23Jun80 29 p 2.26 1.66 1.71 2.23 3.89 4.50 2.3% 7.88
o 0.98 1.11 1.0 1.12 2.89 3.27 1.40 3.42
11Aug80 %6 p 2,06 1.6 1.%7 1.92 2.93 3.36 2.18 7.35
o 1.63 2.31 2.24¢ 2.43 3.93 3.99 3.04¢ 3.99
12Sep80 S3 u 2.46 1.90 1.93 2.55 2.40 3.17 2.%9 6.93
o 1.72 1.71 2.03 2.%2 2.87 2.86 2.39 3.48
298ap80 21 p 3.45 2.52 2.28 4.14 0.60 2.11 3.16 9.43
o 1.7% 1.97 1.67 3.30 0.82 2.65 1.86 2.76
3Aug84 19 4 1.83 1.36 1.47 1.93 2.52 2.99 1.89 4.0% L
e 0.70 0.%9 0.6% 0.83 1.59 1.45 0.77 2.04 ‘
10Augés 13 p 1.38 0.99 1.20 1.47 1.38 1.88 1.42 2.%4
o 0.61 0.4%5 0.%7 0.84 1.55 1.49 0.57 1.88
L3hugot 44 p 1.36 1.04 1.11 1,44 1.99 2,27 1.48 2.77
_ e 0.72 0.60 0.72 0.83 1.66 1.66 0.90 1.82 g
" 26Sep8e 30 p 1.92 1.31 1.41 1.87 3.34 3.96 1.89 6.4%
e 0.79 0.72 0.77 0.93 2.40 2.43 0.97 2.68
300ct84 30 . 2.00 1.11 1.40 2.23 3.80 4.76 1.97 8.70
o 1.23 1.1% 1.26 1.79 2.97 3.03 1.7% 2.33
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Table 8~2. Summary of Tranaport Thicknesas, 2o,
for Green Tracer (260 totel samples)

Both means (u) and standard deviations (o) of 25 are listed
for each of tha following eatimeatora: "

“Crickmore profile" (no negative concentration gradients) tQ
applied to: s

A: 2o = 2EIN(2) z1/IN(2) (White and Inman, 1987a) '

B 2¢ = EIN(z) AZ]/Npax (Crickmore, 1967) .

Original concentration profile spplied to:

C: 80% cutoff (Kraus at al, 1982)

D: 90%x cutoff (Kraus et al, 1982)

E:! 1.0 grains/gram penetration (Inman et al, 1980)

F: 0.5 grains/gram peneatration (Inmen et al, 1980)

G: 2o = 2E(N(z2) zZl1/IN(2) (Inman et al, 1980)

H: Maximum penetration (King, 1951; Komar, 1969) £
Date Number Transport Thickness Estimates (cm) NG

—_of Cores A B c D E F G H

Part B: Green Tracer (260 total samples)

2.22 1.62 1.66 2.17 4.14 5.20 2.27 8.42 v

23Jun80 28 u
o 0.90 1.13 1.03 1.15 3.31 3.38 1.35 2.80
11Aug80 70 p 1.90 1.44 1.27 1.7% 2.37 3.50 1.96 7.51
c 1.65 1.91 1.89 2.37 3.46 4.3¢ 3.00 4.28
12Sep80 57 » 3.16° 2.67 2.83 3.46 2.87 3.83 3.60 7.81 i
o 1.85 2.79 2.%9 2.83 3.17 3.40 3.33 3.19 o
29Sep80 25 4 3.81 2.75 2.41 3.97 0.1 1.17 3.59 10.11 S
c 1.52 1.68 1.54 2.90 0.88 1.36 1.94 2.33 O
3Augé4 10 ¢ 1.47 1.14 1.15 1.50 2.09 2.52 1.49 3.71 b
o 0.80 0.68 0.78 0.89 1.47 1.58 0.85 2.24 :
10Augé4 2 u 0.85 0.65 0.63 1.00 0.88 1.00 0.84 1.63 o
o 0.21 0.04 0.00 0.38 0.50 0.63 0.16 1.00 ‘
29Aug84 21 u 1.27 0.92 1.08 1.39 1.%5 1.82 1.39 2.23
o 0.87 0.67 0.92 1.04 1.26 1.48 1.14 1.83
26Sep84 24 4 1.88 1.29 1.41 1.98 2.84 3.46 1.83 6.63 -
o 0.79 0.71 0.78 0.91 2.33 2.56 0.89 2.94 s
300ct84 23 4 1.44 0.79 1.05 1.44 4.10 4.63 1.37 7.28 -
o 0.70 0.38 0.76 0.96 2.52 2.80 0.73 3.03 by
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Table 8-3. Transport Thickness:
Red Tracer at Torrey Pines
(295 totel samples)

Experiment No. of Transport Thickness Estimates (cm)

cores A B c D ___E E G H

1.78 1.08 1.13 1.81 4.02 4.39 1.73 7.84
0.66 0.63 0.61 0.67 2.88 3.06 0.84 3.51
2.350 1.78 1.94 2.19 4.59 4.72 2.51 S.84
1.10 0.82 0.84 0.94 3.50 3.45 0.97 3.21
2.62 2.02 2.08 2.30 3.58 3.89 2.87 8.86
1.06 1.50 1.41 1.29 2.79 2.59 1.98 2.01
2.29 1.67 1.88 2.37 3.91 4.14 2.42 S.91
0.91 0.81 0.69 1.23 2.71 2.91 0.86 3.62
1.99 1.28 1.33 1.83 0.81 0.85 1.76 6.83
1.16 1.02 0.82 1.17 0.69 0.72 1.07 " 4.04
2.17 1.92 1.91 2.36 1.96 2.39 3.06 6.71
1.88 2.65 2.89 3.12 3.21 3.08 4.81 3.61
2.51 2.42 2.17 2.60 3.36 4.15 2.67 7.8S5
2.36 3.73 3.57 3.63 4.67 4.75 3.89 4.23
2.01 2.04 1.92 2.23 2.69 2.81 2.63 7.22
1.94 2.81 2.57 2.93 3.16 3.24 3.73 4.00
1.79 1.12 1.09 1.2% 2.84 3.09 1.46 7.7S5
0.92 0.70 0.74 0.97 3.60 3.67 0.85 4.17
2.06 1.22 1.18 1.33 4.31 4.87 1.72 8.33
0.89 0.66 0.31 0.71 4.72 4.53 0.72 3.19
1.72 0.89 1.29 1.77 1.02 1.42 1.61 6.92
1.68 0.34 0.99 1.82 0.55 0.60 1.29 3.80
3.07 2.03 2.36 3,76 3.22 3.83 2.98 6.57
2.45 1.79 3.00 4.27 4.11 4.10 2.72 4.07
2.94 2.67 2.74 3.07 3.03 3.76 3.65 7.08
1.89 2.43 2.31 2.63 3.14 3.37 3.54 3.56
2.43 2.02 1.97 2.44 1.99 3.3% 2.81 6.57
1.38 1.78 1.353 1.79 1.71 1.81 2.48 2.11
1.87 1.37 1.50 1.88 1.73 2.%8 1.949 S5.53
0.79 0.90 0.94 1.00 2.23 1.92 1.06 3.38
2.61 1.79 * . 2.45 3.08 3.79 2.44 8.53
1.40 1.49 1.84 1.74 2.95 2.74 1.72 2.88
2.10 1.07 0.96 2.29 0.71 0.71 1.55 4.88
1.05 0.61 0.24 1.33 0.31 0.31 0.68 3.12

23Jun8O#1 8

2 4

#3

#4
11Aug8onl

2

#3

#4

#5

#6
12Sep80#1

#2

#3

4

#S

#6

29Sep80O#1

»
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o
"
o
»
o
13
o
B
o
Ty
o
"
o
13
-3
"
o
Ty
o
®
o
Ty
o
"
o
n
o
"
o
T
o

"2
#3 3.12 2.49 2.29 3.60 0.38 1.20 2.70 10.30
’ 1.69 1.92 1.92 3.19 0.32 0.93 1.66 1.47
2.85 1.60 2,53 2.97 0.59 1.94 2.83 7.81
1.07 0.97 1.47 1.50 0.53 0.65 1.40 1.71
4.58 2.46 4.74 3.72 $5.94 0.84 1.84 10.50
2.21 1.30 2.05 1.74 3.90 1.46 1.98 1.22
4.31 2.07 2.38 6.41 0.50 2.56 4.09 11.2%

1.68 0.36 0.95 3.67 0.80 1.63 1.72 1.09

#4

#3
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Table 8-4. Trensport Thickness:
Red Tracer at SI0
(295 totel samples)

Experiment No. of Trenaport Thickness Eatimetes (cm)
_Cores A B C D E F G _H

3Auge4sl 11

1,60 1.22 1.31 1.76 2.24 2,72 1.72 3.42
0.50 .42 0.45 0.62 1.01 0.935 0.356 1.36
2.14 1,55 1.69 2.16 2.91 3.38 2.12 4.92
0.82 0.72 0.81 1.00 2.09 1.88 0.94 2.45
1.57 1.13 1.40 1.71 1.81 2.31 1.6% 2.97
0.60 0.43 0.35 0.87 1.70 1.59 0.351 2.09
0.93 0.63 0.75 0.94 O.44 0.94 0.89 1.56
0.35 0.10 0.28 0.43 0.21 0.48 0.26 0.690
1.26 1.00 0.97 1.35 2.48 2.68 1.52 3.44
0.78 0.79 0.74 0.84 2.47 2.50 1.27 2.89

#2 8
10Aug84#1 9
#2 4

29Aug84nl 11

#2 18 1.39 1.07 1.18 1.49 1.44 1.90 1.49 2.40
0.72 0.37 0.74 0.84 0.43 1.14 0.80 1.09
#3 15 1.38 1.02 1.13 1.44 2.28 2.42 1.44 2.73

0.68 0.46 0.66 0.79 1.32 1.29 0.63 1.32
1.91 1.01 1.40 2,03 3.20 3.83 1.73 6.351
0.88 0.67 0.79 1.00 2.23 2.33 0.995 1.93

26Sep8a®1 11

9SF 9F 9F9F9E 9 F 9 F 9 9E 9 E 9 9 9% 9 F

#2 9 1.80 1.30 1.26 1.357 2.81 4.07 2.01 6.12
0.735 0.87 0.85 0.92 2.42 2.57 1.31 3.42 .
#3 10 2.06 1.95 1.93 1.95 3.98 4.00 1.96 6.68 K
0.71 0.353 0.64 0.72 2.41 2.40 0.48 2.3%9 :
300ct84#1 6 2.16 0.83 1.2%5 2.77 3.63 5.69 1.88 8.96
1.08 0.38 1.01 2.33 2.73 2.96 0.98 1.63
#2 6 2.14 0.96 1.79 2.60 4.10 4.56 2.63 8.94
0.96 0.27 1.03 1.36 1.53 1.63 2.08 2.12
#3 9 1.39 0.79 0.90 1.43 3.81 4.75 1.34 9.89
0.93 0.58 0.78 1.13 2.98 3.06 1.09 1.32 "
¥4 9 2.40 1.41 1.74 2.43 3.69 4.29 2.23 7.17 N

1.48 1.61 1.68 1.89 3.72 3.37 2.19 2.68
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Table 8-5S. Trensport Thicknesa:
Green Trecer at Torrey Pines
(260 totel samples)

Experiment No. of Transport Thickness Estimates (cam)

23Jun80W#1
#2
#3
4
11Aug8owl
#2
#3
#4
#S
#6
12Sapaowl
#2
#3
4
#S
#6
29Sep8O#1
#2
#3
#4
#S

#6

Wi AT Y aY R BTy
"',_'*:.'5&1;",‘ 4”'§|L‘!"

4

Cores A B

c

E

3

G

H

1.93
0.49
2.47
0.95
2.34
1.07
2.36
0.89
1.12
0.87
2.45
2.23
2.46
2.27
1.72
1.70
1.68
1.00
1.89%
0.71
2,356
1.88
3.‘5
2.68
3.70
1.79
3.3%
1.36
2.70
0.91
3.34
1.78
3.16
0.54
2.11
0.11
4.15
2.07
4.00
1.90
4.16
1.13
3.99
1.07
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o
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o
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o
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1.11
0.59
2.00
1.00
1.83
1.356
1.69
0.85
0.57
0.37
2.17
2.74
1.15
1.29
1.74
2,72
1.08
0.73
1.10
0.70
0.85
0.30
3.67
4.51
3.16
2.81
2.41
1.66
1.56
0.36
2.72
2.56
1.53
0.37
1.29
Q.47
1.96
1.17
2.69
1.68
2.31
1.08
1.61
0.52

BOAS
s,"-?"'r

1.28
0.64
1.94
0.94
1.83
1.48
1.80
0.358
0.58
0.58
2.11
3.19
1.18
2.02
1.45
2.26
0.90
0.79
1.22
0.5S
1.96
1.92
3.29
4,23
3.99
2.74
2,79
1.37
2.18
0.95
3.22
2.56
1.29
0.62
0.88
0.30
2.69
1.90
3.27
1.90
2.73
0.96
2.23
1.14

QS GOCMONG
")! bp".o“ 0

1.78
0.71
2.38
1.00
2.19
1.36
2.57
1.22
0.92
0.73
2.41
3.17
2.42
3.63
1.98
2.36
1.13
0.92
1.91
0.64
3,09
2.56
3.68
4.58
4.19
3.11
3.5%52
1.56
2.81
1.01
3.78
2.66
1.54
0.96
1.13
0.30
S.41
3.67
4.63
3.03
4.3%6
2.46
4.02
2.20

3

Wyt b
WIRAAS

4.70
3.87
4.91
3.335
3.10
2.81
4.32
3.10
0.358
0.64
2.‘1
3.39
2,26
3.82
1.63
2.85
1.61
2.195
3.88
4.16
1.39
1.16
2.79
4.04
2.‘9
2.81
3.98
3.41
1.86
1.74
3.57
3.19
Q.58
0.46
1.00
0.38
0.09
0.16
0.49%
0.84
1.02
1.39
0.07
0.15

S5.94
3.72
S.78
3.16
4.56
3.10
4.93
3.46
1.04
1.02
2.70
3.24
4.51
5.20
2,02
2.87
3.‘3
4.86
3.29
4.58
1.77
1.57
4.69
4.49
3.21
3.07
S5.49
3.69
2.49
1.65
‘.32
2.89
0.58
0.46
1.13
0.50
0.09
0.16
0.98
.77
2.44
1.94¢
1.07
0.86

1.79
0.79
2.61
1.04
2.54
1.98
2.39
0.78
0.90
0.67
3.19
4.94
2.29
3.39
2,20
3.76
1.37
0.84
1.60
0.69
2.43
2.07
4.44
S5.50
4.72
3.73
3.52
2.06
2.63
0.77
3.9
3.10
1.99
0.73
1.86
0.45
4.495
2.67
4.16
1.98
3.98
1.08
3.5%
1.89

GOCOCNYC ¥
v"'::"tt‘!i“‘o O '{,\'s

8.16
3.87
7.69
1.87
8.36
1.43
8.63
2.84
4.73
4.16
7.64
4.25
8.38
3.62
6.93
4.10
9.00
4.350
7.96
3.64
6.41
3.04
7.93
3.35
8.64
2.73
8.29
3.46
7.90
3.14
B )
2.87
9.38
2.83
7.96
3.94
11.23
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2.10
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2.06
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1.47
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Table 8-6. Transport Thicknesa:
Green Tracer at SIO
(260 totel samples)

Experiment No. of Tranaport Thicknesa Estimates
Cores A B C D E F G

1.48 1.07 1.13 1.56 2.03 2.44 1.57
0.66 0.48 0.33 0.69 1.62 1.32 0.73
1.46 1.18 1.17 1.46 2.13 2.58 1.44
0.89 0.78 0.91 1.00 1.36 1.73 0.91
0.85 0.66 0.63 1.00 0,88 1.00 0.84
0.21 0.04 0.00 0.38 0.350 0.63 0.16

3Aug84anl

#2

10Aug84n1

9T 9E 9F

#2
29Aug8anl 1.22 0.9% 1.27 1.48 1.90 1.3%0
0.83 0.87 0.73 1.33 2.00 1.359
1.13 0.90 1.19 1.09 1.44 1.17
0.82 0.73 0.97 0.80 1.11 0.98
1.43 0.83 1.63 2.00 2.11 1.83
0.92 0.47 1.18 1.39 1.36 0.93
1.89 1.07 2.22 2.42 3.48 1.74
0.76 0.62 0.91 2.60 2.72 0.84
1.90 1.48 1.85 2.75 3.10 1.94
0.98 0.94 1.02 2.34 2.49 1.16
1.83 1.28 1.88 3.43 3.89 1.80
Q.33 0.28 0.69 2.39 2.39 0.43
1.20 0.69 0.88 2.60 3.06 1.02
0.33 0.29 0.61 1.85 2.00 0.42
1.27 0.71 1.50 3.94 4.75 1.18
0.49 0.27 0.57 2.39 2.9%5 0.49
1.64 0.98 1.39 5.43 35.79 1.69
0.86 0.49 1.03 2.31 2.95 0.93
1.5% 0.72 1.79 4.15 4.77 1.47
0.63 0.27 1.12 2.34 2.45%5 0.67

#2
#3
26Sep8anl
»2

#3

0 N VO O W N VRO N O &

300ctaqnl

#2

>

#3

~
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APPENDIX 3: Measured Fluid Velocity

In Table 8-7 the seven fluid velocity moments used
in this study are liasted for the 30 experiments, along with
disenaionfull trenaport, i, and dimenasionless tranaport, ¢.
For the 10 Auguat 1584, 29 Auguat 1984, and 26 September
1984 experiments the momentas listed are averages for the two
current meters.

In Table 8-8 the other aix momentsa are correlated
with the first moment to illustrate how well correlated the
momenta are with each other. Nevertheless, non-overlap of
the 90% confidence intervals shows that the firat through

sixth moments are atatistically distinct from each other.
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Table 8-7. Fluid-velocity moments and transport
(Fluid velocities are in units of (cm/sln.)
(Dimensional transport, i, is in units [dynes/{(cm-a)l.)

Experinant Tranaport Fluid-velocity moment <ufl> (Eq. 4.4)
1 L
n = 0.9 b 2 3 4 S 6

%103 %105 x107 x109

Jun 80

#1 76.8 0.312 0.3295 2.73 208. 16.0 12.6 10.1 8.28

#2 77.7 0.315 0.162 1.33 116. 9.45 7.64 6.19 5.08

#3 91.9 0.373-0.0832 0.73 70.1 6.11 S5.18 4.39 3.77

#4 44.8 0,182 0,227 1.07 84.4 6.66 S5.29 4.28 3.53

Aug 80

#1 66.4 0.096-0,0066 0.096 3.70 .141 .052 .019 .0066
#2 23.8 0.119-0.0033 0.125 5,28 .222 .093 ,.,039 .0162
#3 4.2 0.021 0.176 0.149 7.21 .344 ,165 .079 .0388
#4 4.9 0.024 0.110 0.147 7.17 .345 .166 .080 ,0391
S 6.0 0.030-0.124 0.130 6.41 .309 .148 .071 .0343
#6 7.0 0,033 0.0123 0.106 5.26 .254 .121 .058 .0280
Sep 80

#1 104.3 0.683-0.000 0.221 10.0 .457 .209 .096 .0443
#2 8%.6 0.3539 00,0240 0.092 4.05 .178 .079 .03% .0158
#3 87.9 0.574-0.000 0.12% 5,23 ,221 .095 .041 .0179
#4 9.6 0.063-0.000 0,081 3.39 .144 .062 ,027 .0118
#5 23.0 0.1%0 0.035 0.083 3.41 .143 .061 .026 .0114
#6 14.6 0.095-0.000 0,120 S5.02 .214 .093 .041 .0182

Aug 84

#1 -26.2-0.178-0.725 -7.43 -420.-26.5-18.7-14.7-12.7
#2 -20.2-0.138-0.874 -7.10 -386,.-23.3-15.7-11.7 -9.67
Aug 84

#1 146.3 0.824 0.948 7.33 421. 24.9 1%5.7 10.7 7.80
#2 21.95 0.121 0.418 6.11 3357. 21.4 13.8 9.61 7.28
Aug 84

#1 -39.2-0.213-0.788 -6.53 -234.-8.92-3.64 -1.58-.725
#2 -20.9-0.113-' .25 -6.5% -233.-8.83-3.%56 -1.%2-.683
#3 -14.3-0.078-0.482 -6.39 -231.-8.87-3.60 -1.53-.67%
Sep 84

#1 64.0 0.415 0.869 4.14 161, 6.67 3.05 1.49 .775
#2 23.7 0.134 0.0358 3.79 1S3, 6.66 3.14 1.60 .876
#3 21.95 0.139 0.583 3.72 158. 7.28 3.67 2.00 1.18
Oct 84

#1 20.4 0.199 0.107 0.418 19.4 .987 .536 .307 .184
#2 3.8 0.030 0.274 0.77% 31.1 1.37 .6354 .336 .183
#3 15.9 0.124 0.488 0.630 26.%5 1.16 .546 .276 .148
#4 24.8 0.193 0.338 0,597 25.2 1.14 .530 .282 ,.15%3
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Table 8-8. Vealocity Moment Correlations with <u>

(All correlastions at 99,.,999999X aignificance level.
Valocity momenta are given by Eq. 4.4. Meana, standard
daviationa, and intercepts are in units of {(cm/sln,)

Velocity Mean Standerd Slope Intercept Corr. Confidence
Moment Deviation Coef. Interval on
n b r Correlation

90% 80% 70%

-0.0338 0.811 .795 .800 .805
- -826_0821-0817

«972 .972 .973
- -976- a976- -975

<918 .921 .922
- -931- .929- -928

.843 .848 .8351
- .868- 186‘- a861

.781 .787 .791
- l814- 0809- -804

«737 .744 .749
- n776- .769- 1755
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83
APPENDIX 4: Energy Spectra }?f
Energy spectra are illustrated for the eight s
experiment days. Crosshore currents, longshore currents, o
and aea-aurfece elavation are liated separately. "C"
indicetes a current meter, “P" a&a pressure senaor, and "W"” a s
waveataff. Current aesters maessurae current in cm/s, and
their apectra are in units of (cm/a)2/Hz. Pressure sensor
Ressuresents are converted to surface-corrected wave heights iﬁ%
e
308
and then used to compute spectra with power densities of Q;}
‘;"’.‘ -
L) LY
cm2/Hz. Wavestaffs measure the mean surface elevation, and <N
their spectra also have units of cm2/Hz. Wave heights )
derived from waeveateffs and aurface-corrected presaure are :;f
¢ .
comparable. :
The same scales and lower/upper limits for both Qﬁ 
abscissa and ordinate were kept for all spectra, for ease of '
compariaon.
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Figure 8-11. Surface-corrected wave energy spectra at SIO (1984).

The pressure sensor waa at the experiment site in all cases.
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APPENDIX S5: Correlationa with Tranaport Thickness

Table 8-9. Correlation of Tranaport Thickness with
Parameters from Surface-Corrected Wave Heights R
(do and up are from Table 4-1.) B
Means and standard deviations are in units of em for Hgig gf
and D(8-8¢) and cm/s for up. Intercepts are in ca. QQ

Correlation with: Haig D(O=-8r) <um>9.5 <up>  <up>?

Part A: Red Tracer (295 asamples) s
(For 24, mean = 2.21 cm and at.dev. = 0.75 cm)

PR

Mean 71.3 .00378 6.24 39.8 1692 o
Standard Deviation 17.S5 .00258 0.851 10.6 845 ]
g Slope, m 0.00159 3.553 0.240 0.0183 0.000219 o
Intercept, b 2.10 2.20 0.72 1.49 1.8S5 o
f Correlation Coef. 0.037 0.012 0.272 0.259 0.247 o
- 90%x Confidence Limits: o
Z (lower) 0.000 -0.035 0.235 0.222 0.210 s
y Cupper) 0.074 0.0%9 0.309 0.296 0.284
v 80x Confidence Limits: -
‘ (lower) 0.013 -0.019 0.248 0.23%5 0.223 a
; C(upper) 0.061 0.043 0.296 0.283 0.271 -
‘ 70% Confidence Limits:
(lower) 0.022 -0.007 0.257 0.244 0.232
Cupper) 0.052 0.031 0.287 0.274 0.262 e
X Significance 16.8 4.8 89.0 87.2 85.2 .

I

Part B: Green Tracer (260 samples) u
(For 2o, mean = 2.28 ca and st.dev. = 0.96 cm) S

. Mean 71.5 0.00378 6.24 39.8 1692 o
I Standard Deviation 17.5 0.002%8 0.851 10.6 843 AN
k Slope, = 0.00702 30.27 0.502 0.0386 0.00043S b
» Intercept, b 1.78 2.17 -0.84 0.76 1.%56 iy
5 Correlation Coef. 0.128 0.081 0.445 0.426 0,383 3
90% Confidence Limits: .
(lower) 0.091 0.034 0.408 0.389 0.347 e
, (upper) 0.165 0.128 0.482 0.463 0.420 D,
¢ 80x Confidence Limits: ek
N (lower) 0.104 0.050 0.421 0.402 0.359 bc
N (upper) 0.152 0.112 ©0.469 0.450 0.407 H
. 70% Confidence Limits: . -
» (lower) 0.113 0.062 0.430 0.411 0.368 A
: (upper) 0.143 0.100 0.460 0.441 0.398 e
‘ X Significance 54.0 32.2 99.4 99.0 98.0 g&
" B
. Mean correlation coefficient for the two colors: N

0.083 0.047 0.359 0.343 0.31%8

DO IER R AN L% \ (] X ¥ )
v TR TAN ‘ Wi o LA ' \" t"‘,u'@ o:“A“ i"‘,l" B .‘lzgja R ‘%:.'o IOSNEND
NN

o
ot
XY K ROUY c.‘nn l"' u‘, o‘. ’. n"«"‘t'.'a' Ar! 'c’,a' u’ M l.' !' :".O'n‘ "o"
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Table 8-10. Corrslation of Transport Thickness with
Maxiaum Orbitel Velocity froa Current Measurements
(ugp is from Table 4-2.)
NMeans and atandsrd deviaetiona are in unita of cm/as.
Intercepts are in ca.

_Corralation with:  <up»9.S <yn> <ug>2

Part A: Red Tracer (295 samples)
(For 2o, mean = 2.02 ca and st.dev. = 0.49 cm)

Mean 6.46 42.9 2039
Standard Deviation 1.064 14.12 1308
Slopa, = -0.,164 -0.0117 -0.000111
Intercept, b 3.08 2.%2 2.24
Correlation Coef. -0.3%6 -0.-:7 =-0,296
; 90%x Confidence Limits: .
3 (lower) -0.403 -0.384 -0.343 .
) (upper) -0.309 -0.,290 -0.249
‘ 80% Confidence Limits:
. (lower) -0.387 -0.368 -0.327
' (upper) -0.32% -0.306 -0.265
70% Confidance Limita:
; (lowar) -0.37% -0.3%6 -0.3193
i (upper) -0.337 -0.318 -0.277
‘ X Significance 94.2 92.6 88.0

Part B: Green Tracer (260 aamples) o
(For 245, maan = 2,01 cm and at.dev. = 0.75 cm) el

Mean 6.46 42.9 2039 L

Standard Devistion 1.064 14.12 1308 g

Slope, m -0.344 -0.0241 -0.000223 .

Intercept, b 4.22 3.03  2.45% kol
g Correlation Coef. -0.488 -0.454 -0.389 A
: 390% Confidence Limits: o
' (lower) -0.335 -0.501 -0.436 S
, Cupp” -0.441 -0.407 -0.342 e
i 80% Confidence Limita:

(lovar) -0.519 -0.485 -0.420

(upper) -0.45%7 -0.423 -0.3%8

70% Confidence Limits:

(lower) -0.507 -0.473 -0.408

(upper) -0.469 -0.43% -0.370

% Significance 99.3 8.8 96.3

Mean correlation coefficient for the two colorsa:
-00422 -00396 -0a3‘3

b h L0

 BRPY JAS S St Ty A \ 3G X0
OGNS, L,.::),f“',' ‘,'.“,’ " Aol N Ve B 'a‘ 'o '. " ,‘n‘,‘oi.'v.. U.o 0 .v ‘.o",z' ) W, ‘v ‘.- ' v ,v“.v“.i '.o “v xS ‘ﬂ“;z".c’ v
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Table 8-11. Correlation of Transport Thickneas with
Orbital Diameter and Total Velocity
(from current-meter measurements, Table 4-2)

Mesns and atsndard deviastions are in units of cm for do
and ca/a for ur. Intercepta sre in cam,.

Corr. with: <€da29:5 ¢da> <da>2  <yr»0.5 cur>  <yr>2

Part A: Red Tracer (295 samples)
(For 2o, mean = 2.02 ca end st.dav. = 0.49 cn)

Mean 12.4 158 27065 4.20 18.4 369
Standard Dev 1.93 47.95 13261 .638 5.62 222
Slope, m -.,0%18 -.00206 -5.83x10-6 -,306 -.0301 -.000696

Intercept, b 2.66 2.34 2.17 3.30 2.57 2.27
COZ‘- Co.fu "00204 -00200 -00182 -0.398 -00345 -0-315
90% Confidence Limita:

(lower) -0.249 -0.24% -0.227 -0.445 -0.392 -0.362

(uppar) -0.1%9 -0.1%% -0.137 -0.351 -0.298 -0.268

80x Confidence Limita:

(lower) -0.234 -~0.230 -0.212 -0.429 -0.376 -0.346
. (upper) -0.17¢ -0.170 -0.152 -0.367 -0.314 -0.284
; 70%x Confidence Limits:

(lower) -0.222 -0.218 -0.200 -0.417 -0.364 -0.334

(upper) -0.186 -0.182 -0.164 -0.379 -0.326 -0.296

%X Sig. 71.6 70.8 66.0 96.8 93.4 90.4

Part B: Green Tracer (260 samples)
(For 2o, meen = 2.01 cm and st.dev. = 0.73 cm)

) Mean 12.4 1358 27063 4.20 18.4 369
: Standard Dav 1.93 47 .5 13261 .638 %.62 222
. Slope, m -.0877 -.00388 -.0000132 -.323 -.0610 -.00137
) Intercept, b 3.09 2,62 2.36 3.32 3.11 2.50
; Cor. Coaf. =-0.226 -0.246 -0.269 -0.27% -0.457 -0.406
: 90% Confidence Limita:
r (lowvar) -0.271 ~-0.291 -0.314 -0.322 .Sy ~-0,453
1 (upper) -0.181 -~0.201 -0.224 -0.228 -0.410 -0.339
80% Confidence Limits:
(lower) -0.2%6 ~0.276 -0.299 -0.306 -0.488 -0.437
(upper) «-0,196 -~0.216 -0.239 -0.244 -0.426 -0.375
70%x Confidence Liamita:
(lovar) -0.244 -~0.264 -0.287 -0.294 -0.476 -0.425
(upper) -0.208 -0.228 -0.2%1 -0.236 -0.438 -0.387
% Sig. 76.6 80.8 84.8 8%.0 %8.8 97.2

Mean correlation coefficient for the two colors:
~0.21% ~0.223 -0.226 -0.337 -0.401 -0,361

LR
Ly L3
K

[ "c
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APPENDIX 6: Measured Transport

Table 8-12., Crosshore Transport

Transport
Samplel--green tracer--||---rad trecer---iMean Dif.
Experiment Time u 20 i U 20 i <i> Al
(min.)(cm/s8) (cm) (dynes) (cm/s) (cm) (dynes’
(ca-g ) (cm-g )

23Jun80#1 18.1 .0443 1.93 81.4 .0423 1.78 72.1 76.8 9.3
#2 39.8 .0321 2.47 73.5 .0335 2.5 79.8 77.7 -4.3
#3 62.0 .0380 2.34 84.7 .0397 2.62 99.1 91.9 -14.4
#4 131.1 .0194 2.36 43.6 .0211 2.29 46.0 44.8 -2.4
11Aug8O#1 18.6 .0838 1.12 89.4 .0229 1.99 43.4 66.4 46.0
#2 46.0 .02%6 2.45 959.7-.00%9 2,17 -12.2 23.8 71.9
#3 72.8 .0167 2.46 39.1-,0129 2.51 -30.8 4.2 69.9
#4 105.4 .0041 1.72 6.7 .0016 2.01 3.1 4.9 3.6
#3 133.0 .0079 1.68 12.6-.0004 1,79 -0.6 6.0 13.2
#6 160.2 .0096 1.85 16.9-.0015 2.06 -2.9 7.0 19.8
12Sep80#1 25.1 .0771 2.56 188.0 .0128 1.72 21.0 104.35 167.0
#2 55.9 .033% 3.435 110.1 .0209 3.07 61.1 835.6 49.0
#3 87.0 .0386 3.70 136.0 .0142 2.94 39.8 87.9 96.2
f #4 131.7 .0093 3.33 29.7-.0046 2.43 -10.6 9.6 40.3
: #35 180.7 .0112 2.70 28.8 .0096 1.87 17.1 23.0 11.7
x #6 227.1 .0038 3.34 12.1 .0068 2.62 17.0 14.6 -4.9
: 29Sep8O#1 19.5 .0950 3.16 286.0-.0293 2.10 -58.6 113.7 344.6
#2 36.6-.0489 2.11 -98.3-.0883 3.00-252.3-1735.3 154.0
#3 67.8 .0171 4.13 67.6-.0088 3.12 -26.2 20.7 93.8
#4 110.0 .0112 4.00 42.7-.0094 2.8% -25.5 8.6 68.2
#3 137.2 .0234 4.16 100.7 .0088 4.74 39.7 70.2 61.0
! #6 168.4 .0106 3.99 40.3-.0074 4.31 -30.4 3.0 70.7

3Aug84#l 66.3-.0134 1.48 -18.9-.0220 1.60 -33.5 -26.2 14.6
#2 141.3-.0076 1.46 -10.6-.0146 2.14 -29.8 -20.2 19.2
10Aug84s#1l 53.3 .0815 0.83 66.0 .13515 1.57 226.6 146.3-160.6

. #2 120.0 .0069 5.6 .0421 0.93 37.3 21.5 -31.7
L 29Aug84sl 50.9-.0233 1.22 -27.1-.0427 1.26 -351.2 -29.3 24.1
| #2 105.5-.0137 1.13 -" ..., .02095 1.39 -27.1 -20.9 12.4

#3 167.3-.0129 1.43 -17.0-.0088 1.38 -11.6 -14.3 -5S.4

26Sep84#l 50.9 .0104 1.89 18.7 .0572 1.91 109.3 64.0 -90.6

' #2 100.6-.0034 1.90 -6.2 .0312 1.80 33.3 23.7 -59.7
#3 145.2 .0152 1.83 26.5 .0084 2.06 16.5 21.5 10.0
300ct84msl 82.3 .0104 1.20 11.9 .0140 2.16 28.8 20.4 -16.9
#2 133.3 .0088 1.27 10.6-.0015 2.14 -3.1 3.8 13.7

#3 176.4 .0119 1.64 18.6 .0100 1.39 13.2 1S5.9 S.4

#4 206.8 .0061 1.S5S 9.0 .0177 2.40 40.3 24.8 -31.95

EAGRAAOANNNO0A0EONAANE «vlcl»l' " O I M SN RN ) e, A Y
T : :l' e ol e Y, *"‘"o“'l ) 0"'3:"!. iy ."c“'.‘" :.":' $'0. o ::"::l‘a\'r:‘\.l‘:ft\. G
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\ Tty
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Table 8-13. Longshore Transport
Transport

Saaple! --green tracer--il---red tracer---iMean Dif.

Experiment Tine U
(min.)(cm/s) (cm) (dynes) (cm/s)

20

i U

iep-a )

20 i
(cm)

<i> Al

(dynes)

(cm-g )

23Jun8O#l
#2
#3
#4
11Aug80#1

18.1-.0187
39.8
62.0-.0036
131.1-.0027
18.6-.1172

1.93
2.47
2.34
2.36

1.12-

~34.4-.0196

-8 . 0- . 0039
-6.1-,0022
125.0-.094S5

1.78
2.30
2.62 -9.7
2.29 -4.8
1.99-179.1-

-3332

-33.8 -102
-8.9 1.7
-905 -1.3

152.1 S4.1

#2
#3
#4
#5
#6
12Sep8O#1
2
#3
#4
#S
6
29Sep80#1
#2
#3
#4
*S
#6

46 .0-.00009
72.8-.00003
105.4-.0040

133.0-.0003

160.2~-.00003
25.1-.0194

55.5-.0003

87.0 .00009
131.7 .0002

180.7-.00008
227.1-.00006
19.5 .0S33

36.6 .00006
67.8 .0018
110.0 .022%

137.2 .0180

l68.4 .0150

2.45
2.46
1.72
1.68
1.85
2.56
3.45
3.70
3.35

-0.2-.0010
~0.06 .00001
-6.6-.0040
-0.4-.00001
~0.04.000001
~-47.3~-.0014
-1.1-.0003%
-0.3-.00001
-0.6~.00002
2.70 -0.2-.00007
3.34 -0.2-.00009
3.16 160.4 .0692
2.11 0.1 .0063
4.15 7.1 .007S
4.00 8S5.7 .0204
4.16 71.3 .0187
3.99 9$7.0 .0034

2.17 -2.1
2.51 0.03
2.01 -7.7
1.79 -0.02
2.06 0.00
1.72 -2.3
3.07 -1.8
2.949 -0.04
2.43 -0.0%
1.87 -0.12
2.62 -0.22
2.10 138.4
3.00 18.0
3.12 22.3
2.83 S.4
4.74 84.4
4.31 14.0

-1.1 1.9
-0.05 -0.1
-7.1 1.1
-0.2 -0.4
-0.02-0.04
-24.8-45.0
-1.3 0.4
-0.18 -0.3
-0.33 -0.6
-0.17 -0.1
-0.21 0.0
149.4 22.0
9.1-17.9
14.7-15.2
70.6 80.4
77.9-13.1
335.95 43.1

66.3 .00002
141.3-.00007
355.3 .0004
120.0 .0139
50.9 .0009
1035.5 .0004 1.13 0.4-.00032
167.3 .0040 1.43 5.4 .0046
50.9 .00008 1.89 0.1S5 .00043
100.6-.0000031.90 -0.01-.00003
143.2 .0003 1.83 0.39 .00016

82.3 1.20
135.9 1.27
176.4 l1.64
206.8 1.55

3Aug8aml
"2
10Aug8qnl
2
29Augf84wl
2
#3
26Sep8awl
"2
#3
300ct84nl
»2
#3
L L)

1.48 0.03-.0006
1.46 -0.09-.0002
0.85 0.31 .00S1
11.3 .016S
1.1-.0064

1.60
2.14
1.57
0.93
1.26
1.39
1.38
1.9 0.8
1.80 -0.095
2.06 0.31
2.16

2.14

1.39

2.40

-0.9
-0.9

7.6
14.6
-7.7
-0.4

6.1

-0.5 1.0
-0.3 0.4

4.0 -7.3
12.9 -3.4
-3.3 8.8
-0.02 0.8

S.7 -0.7

0.5 -0.7
-0.03 0.04
0.45 0.28

1,22

[
s, ‘4.

RO AORANGED RO
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APPENDIX 7: Computed Transport ;ﬁu

Transport computed from each of the bedload models e
ia lisated for each of the 30 trecer experimenta for which
current meter data were available. Transport is dimensional
in units of dynes/(cm-s). Transport for the 10 August 1984, “#

: 29 August 1984, and 26 September 1984 experiments is the R0

average for the two current metera.

'.
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Table 8-14. Croaashore Transport Predicted by the u3 Models

(Poaitive trasnsport is onshore.)

Exparisent JTranaport (dynes/(cm-8)) X

Bailard Bagnold Meyer- Yalin Kobayashi o
& Inman Peter s
& Mueller o

with ug with ug )
v
: 23Jun80 #1 29.20 29.95 36.2% 35.92 53.1% 220.91 9.34 Qg
i #2 14.07 16.43 23.40 24.78 33.22 137.90 2.24 el
: #3 7.61 10.00 13.51 15.19 22.47 93.05 0.41 o

”4 10.47 12.17 13.93 150 12 22.71 9‘-40 1.55 0k
11Aug80 #1 0.23 0.1S5 9.13 S.09 -0.01 -0.02 -0.01

#2 0.44 0.34 2.67 0.98 0.11 0.41 0.01 b
#3 0.67 0.60 2.08 0.78 0.39 1.44 0.0 e
#4 0.83 0.58 2.11 0.76 0.41 1.52 0.0S e
. #5 0.65 0.49 1.9 0.68 0.35 1.32 0.04 et
» #6 0.48 0.3% 1.86 0.55 0.28 1.04 0.04 )
. 12Sep80 #1 0.27 0.97 0.66 1.08 0.67 2.48 0.03 .
. #2 -0.64 0.3% -0.17 0.50 0.23 0.84 =-0.02 by
¢ #3 -0.48 0.45 -0.04 0.33 0.24 0.89 -0.01 Kol
& #4 -0.41 0.28 0.02 0.36 0.16 0.60 -0.01 R
s #5 -0.62 0.28 -0.16 0.35 0.13 0.55 -0.01 o
#6 -0.55 0.43 -0.11 0.51 0.2%5 0.90 -0.02 o
; 3Aug84 #1 -76.31 -75.01 -72.91 -71.93 -89.73 -428.49 -~22.51 .
y #2 -67.3% -65.79 -65.07 -63.79 -76.28 -364.72 -19.21 e,
K 10Aug84 #1 S9.31 56.34 66.96 63.55 79.89 447.14 11.59 !
' #2 S1.31 49.28 57.73 54.88 69.76 390.41 10.25 o
_‘ 29Aug84 #1 -27.32 -25.06 -24.79 -23.17 -19.80 -143.12 -4.66 NS
#2 -27.01 -24.61 -24.77 -22.92 -19.2% -139.12 -S.17 &

#3 -26.82 -24.64 -24.61 -22.94 -19.83 -143.31 -5.%6 b
26Sap84 #1 18.29 17.20 19.6% 18.38 15.78 90.69 2.11 e
¥2 17.37 16.63 19.02 18.08 16.53 94.83 2.12 .
#3 18.32 17.8% 20.40 19.70 19.61 112.22 2.67 b
300ct84 #1 1.09 1.36 2.73 2.81 3.6 30.94 0.32 .
w2 2.14 2.37 3.89 3.92 4.61 38.96 0.45
#3 1.47 1.7 3.28 3.33 3.90 32.97 0.03

-
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Table 8-15. Crossahore Tranaport Predicted by the u4
and uS Modela

(Poaitive tranaport ia onshore.)

Experisent Transport (dynes/(cm-g))
Sleath Hallermeier Hanes & Bowen

with ug with ug with u¢
! 23Jun80 #1 1.24 1.40 1.39 39.10 39.00
| #2 0.78 0.97 0.99 27.89 28.08
#3 0.5% 0.61 0.64 18.61 18.86
#4 0.53 0.58 0.60 16.87 17.04
11Aug8o #1 -0.000 0.12 0.08 2.27 1.60

. #2 0.001 0.029 0.014 0.61 0.33
' #3 0.003 0.022 0.012 0.%56 0.37
. 4 0.003 0.022 0.011 0.56 0.37
! S 0.003 0.020 0.010 0.52 0.32
; #6 0.002 0.019 0.008 0.47 0.26
12Sep80 #1 0.006 0.013 0.01S 0.48 0.51

; #2 0.002 0.003 0.007 0.16 0.22
! #3 0.002 0.004 0.007 0.17 0.23
3 #4 0.001 0.003 0.005 0.13 0.15
; 1.3 0.001 0.002 0.005% 0.11 0.14
4 #6 0.002 0.003 0.007 0.17 0.22

3Aug8q #1 -1.88 -2.32 -2.31 -79.54 -79.43

#2 -1.53 -1.97 -1.96 -64.07 -63.93

10Aug8q #1 1.72 2.46 2.41 46.56 51.3%

#2 1.52 2.16 2.12 46.56 46 .28

29Aug8q #1 -0.25 -0.81 -0.78 -7.52 -7.41

#2 -0.24 -0.79 -0.76 -7.26 -7.13

#3 -0.25 -0.80 -0.77 -7.29 -7.18

26Sep84 #1 0.22 0.48 0.46 7.98 7.88

% #2 0.24 0.49 0.48 8.54 8.47
1 #3 0.30 0.% 0.585 10.59 10.53
; 300ct84 #1 0.06 0.1% 0.16 1.81 1.82
#2 0.06 0.19 0.19 2.00 2.00

#3 0.0% 0.16 0.16 1.64 1.64

a4 0.0% 0.16 0.16 1.68 1.68

o
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Table 8-16. Croashore Transport Predicted by the ué
and uf Models
(Positive transport is onshore.)
Experiment Trensport (dynea/(cm-a)]
Madaen & Grant Shibayams & Horikawa Einatein
with ug with u¢ with u¢
23Jun80 #1 62.87 62.87 95.56 95.44 S172. 10591.
#2 45.19 45.19 68.68 68.85 837. S8e2.
#3 31.%3 31.%3 47.92 48.14 88.7 3498.
#4  27.%7 27.%7 41.91 42.07 32.0 4187.
11Aug80 #1 -5S.40 -5.20 -8.20 -8.79 351. 23.1 .
#2 -0.29 -0.28 -0.44 -0.67 88.4 71.3 yhE
#3 0.41 0.39 0.62 0.46 25,1 142.6 SR
#4 0.49% 0.43 0.68 0.52 8.63 142.6 (I
#s  0.41  0.39  0.62 0.46 1.85 110.4 b
#6 0.36 0.3% 0.%4 0.37 0.44 71.3 Yl
12Sep80O #1 0.45 0.45 0.68 0.70 -0.00 306.2
#2 0.17 0.17 0.26 0.30 -0.92 38.3 e
#3 0.17 0.17 0.26 0.30 -0.00 84.2 NN
#4 0.12 0.12 0.19 0.20 -0.00 23.7 r@@
s 0.12 0.12 0.18 0.19 -0.00 23.7 R
#6 0.18 0.18 0.27 0.29 -0.00 75.0 DUSE
3Aug8q #1 -137.45 -137.45 -208.92 -208.84 -484. -20097. ]
#2 -10%.41 -105.41 -160.22 -160.12 -120. -18453. Ll
10Aug84 #1  73.69 73.34 112.01 111.79 728. 21472. X
#2 68.86 68.53 104.67 104.47 163. 18204. Kt
29Aug84 #1 -6.63 -6.48 -10.08 -10.02 -368. -10684. ety
#2 -6.26 -4.62 -9.52 -9.4% -82.9-10684. st
#3 -6.16 -6.02 -9.37 -9.30 -19.5-10684. “
26Sep84 #1 8.12 7.92  12.3¢ 12.27 247. 6944. N
#2  9.12  8.90 13.85 13.80 29.3 663S. it
#3 12.11 11.82 18.40 18.36 7.72 6866. QNN
300ct8d #1 2.17  2.13 3.30 3.30 0.00 720. i
#2 2.18 2.14 3.31 3.31 0.00 1195, P
#3 1.76 1.73 2.68 2.68 0.00 101S. :
#4 1.81 1.78 2.76 2.76 0.00 964. i
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Table 8-17. Longshore Tranaport Predicted by the u3 Models

(Poaitive transport is to the north.)

Experinent Ixsnsoort (dvnes/(cm-g>)
Bailerd & Inmen Kobayasahi
with ug
23Jun80 #1 0.76 2.04 -5,.32 )
#2 -0.68 0.80 -5.68 s
#3 0.20 1.06 -3.04 :
e ‘.14 3.73 1.74 y
11Aug8o #1 -1.79 -0.08 -0.11 g
#2 ~2.22 -0.02 -0.07
#3 -2.02 0.0 -0.05 T
#4 -1.87 0.03 -0.08 g
S -1.9% -0.02 -0.07 ;
#6 -2.17 -0.09 -0.08
12Sap80 #1 -1.32 -0.03 -0.08 v
2 -1.66 -0.06 -0.06
#3 -1-32 ‘0007 °°.°s
: #4 -1.96 -0,08 -0.04
" S -2.06 -0.10 -0.04
" #6 -1.66 -0.07 -0.03
: 3Auga4 #1 -%5,16 -3.94 -7.29
#2 -6.63 -5,21 -7.24
: 10Aug8s ¥1 9.51 3.18 12.58 '
: #2 5.09 -0.32 11.20
- 29Auga4 #1 -9.14 -6.97 -2.87 s
: #2 -7.7% -5.97 -2.62 08
' #3 -7.28 -%.60 -2.8% =
26Sep8d #1 10.74 6.82 2.96 ol
#2 13.02 8.84 4.40 W
#3 14.57 10.50 5.83 -
300ct8q #1 2.13 1.46 2.89 .
; - 1.24 0.83 1.71 o
‘ #3 0.71 0.43 0.93

#4 0.31 Q.12 0.49
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